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NDRC  FOREWORD 


AS  EVENTS  of  the  ycai's  preceding  1940  revealed  more 
--tx  and  more  clearly  the  seriousness  of  the  world 
situation,  many  scientists  in  this  country  came  to 
realize  the  need  of  organizing  scientific  research  for 
service  in  a national  emergency.  Recommendations 
which  they  made  to  the  White  House  were  given  care- 
ful and  sympathetic  attention,  and  as  a result  the 
National  Defense  Research  Committee  [NDRC]  was 
formed  by  Executive  Order  of  the  President  in  the 
summer  of  1940.  The  members  of  NDRC,  appointed 
by  the  President,  were  instructed  to  supplement  the 
work  of  the  Army  and  the  Navy  in  the  development 
of  the  instrumentalities  of  war.  A year  later,  upon  the 
establishment  of  the  Office  of  Scientific  Research  and 
Development  [OSRD],  NDRC  became  one  of  its 
units. 

The  Summary  Technical  Report  of  NDRC  is  a 
conscientious  effort  on  the  part  of  NDRC  to  sum- 
marize and  evaluate  its  work  and  to  present  it  in  a 
useful  and  permanent  form.  It  comprises  some  sev- 
enty volumes  broken  into  groups  corresponding  to 
the  NDRC  Divisions,  Panels,  and  Committees. 

The  Summary  Technical  Report  of  each  Division, 
Panel,  or  Committee  is  an  integral  survey  of  the  work 
of  that  group.  The  first  volume  of  each  group’s  report 
contains  a summary  of  the  report,  stating  the  prob- 
lems presented  and  the  philosophy  of  attacking  them 
and  summarizing  the  results  of  the  research,  develop- 
ment, and  training  activities  undertaken.  Some  vol- 
umes may  be  “state  of  the  art”  treatises  covering  sub- 
jects to  which  various  research  groups  have  contrib- 
uted information.  Others  may  contain  descriptions 
of  devices  developed  in  the  laboratories.  A master 
index  of  all  these  divisional,  panel,  and  committee 
reports  which  together  constitute  the  Summary  Tech- 
nical Report  of  NDRC  is  contained  in  a separate  vol- 
ume, which  also  includes  the  index  of  a microfilm 
record  of  pertinent  technical  laboratory  reports  and 
reference  material. 

Some  of  the  NDRC-sponsored  researches  whicli 
had  been  declassified  by  the  end  of  1945  were  of  suffi- 
cient popular  interest  that  it  was  found  desirable  to 
report  them  in  the  form  of  monographs,  such  as  the 
series  on  radar  by  Division  14  and  the  monograph  on 
sampling  inspection  by  the  Applied  Mathematics 
Panel.  Since  the  material  treated  in  them  is  not  dupli- 


cated in  the  Summary  Technical  Report  of  NDRC, 
the  monographs  are  an  important  part  of  the  story  of 
these  aspects  of  NDRC  research. 

In  contrast  to  the  information  on  radar,  which  is  of 
widespread  interest  and  much  of  which  is  released  to 
the  public,  the  research  on  subsurface  warfare  is 
largely  classified  and  is  of  general  interest  to  a more 
restricted  group.  As  a consequence,  the  report  of  Divi- 
sion 6 is  found  almost  entirely  in  its  Summary  Tech- 
nical Report,  which  runs  to  over  twenty  volumes. 
14ie  extent  of  the  work  of  a Division  cannot  therefore 
be  judged  solely  by  the  number  of  volumes  devoted 
to  it  in  the  Summary  Technical  Report  of  NDRC: 
account  must  be  taken  of  the  monographs  and  avail- 
able reports  published  elsewhere. 

Any  great  cooperative  endeavor  must  stand  or  fall 
with  the  will  and  integrity  of  the  men  engaged  in  it. 
1 his  fact  held  true  for  NDRC  from  its  inception,  and 
for  Division  6 under  the  leadership  of  Dr.  John  T. 
Tate,  lb  Dr.  Tate  and  the  men  who  worked  with  him 
—some  as  members  of  Division  6,  some  as  representa- 
tives of  the  Division’s  contractors— belongs  the  sincere 
gratitude  of  the  nation  for  a difficult  and  often  dan- 
gerous job  well  done.  Their  efforts  contributed  sig- 
nificantly to  the  outcome  of  our  naval  operations 
during  the  war  and  richly  deserved  the  warm  re- 
sponse they  received  from  the  Navy.  In  addition,  their 
contributions  to  the  knowledge  of  the  ocean  and  to 
the  art  of  oceanographic  research  will  assuredly  speed 
peacetime  investigations  in  this  field  and  bring  rich 
benefits  to  all  mankind. 

The  Summary  Technical  Report  of  Division  6, 
prepared  under  the  direction  of  the  Division  Chief 
and  authorized  by  him  for  publication,  not  only  pre- 
sents the  methods  and  results  of  widely  varied  re- 
search and  development  programs  but  is  essentially 
a record  of  the  unstinted  loyal  cooperation  of  able 
men  linked  in  a common  effort  to  contribute  to  the 
defense  of  their  nation,  d’o  them  all  we  extend  our 
deep  appreciation. 

Vannevar  Bush,  Director 
Office  of  Scientific  Research  and  Development 

J.  B.  CoNANT,  Chairman 
National  Defense  Research  Committee 
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FOREWORD 


AS  WILL  BE  NOTED  fi'om  tlic  table  of  contents,  this 
report  assembles  in  one  volume  information  re- 
garding a number  of  developments  which  were  under- 
taken by  the  Division.  Although  some  of  the  work 
described  did  not  result  in  equipment  for  Service  use, 
it  is  felt  the  record  of  what  was  undertaken  may  be  of 
assistance  to  those  responsible  for  conducting  future 
development  programs.  The  report  will  make  clear 
the  stage  to  which  the  various  developments  were 
brought.  Particular  attention  may  be  called  to  the 
story  of  the  sound  monitors  contained  in  the  first 
three  chapters,  d’hese  monitors,  developed  by  the 
Harvard  Underwater  Sound  Laboratory,  were  a most 
important  aid  in  assuring  that  sonar  gear  installed  on 
a ship  was  in  effective  operating  condition.  The  ship- 
board instruments  developed  by  the  New  London 
Laboratory  and  described  in  Chapter  4 proved  to  be 
important  aids  to  our  own  submarines  in  their  opera- 
tions. Echo-repeating  devices,  discussed  in  Chapter  6, 
served  as  a most  useful  tool,  and  the  general  principle 
underlying  their  operation  is  finding  continued  ap- 
plications. The  work  on  attack  directors  and  attack 
plotters,  described  in  Chapters  7 and  8,  although  not 
completely  successful,  did  produce  one  instrument 


adopted  for  Service  use— the  antisubmarine  attack 
plotter.  Another  important  phase  of  the  work  is  de- 
scribed in  Chapter  12,  “Sea-Water  Batteries.”  This 
development  provides  one  method  of  securing  a more 
adequate  running  range  for  electrically  propelled 
torpedoes. 

This  report  has  been  assembled  by  J.  S.  Coleman, 
and  the  staff  of  the  Summary  Reports  Group  of  Co- 
lumbia University;  the  Division  appreciates  their 
willingness  to  undertake  the  task. 

The  work  described  in  this  report  was  undertaken 
under  various  Navy  projects,  and  in  all  cases  received 
most  cordial  support  from  that  Service.  In  many  cases, 
as  work  proceeded,  it  was  necessary  to  solicit  from  the 
Navy  special  facilities  for  performance  tests,  and  in 
every  instance  that  Service  made  a serious  effort  to 
supply  these. 

The  report  itself  indicates  which  of  the  Division’s 
contractors  were  the  most  concerned  with  the  indi- 
vidual projects. 

John  T.  Tate 
Chief,  Division  6 
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PREFACE 


The  aiaterial  in  this  volume,  as  in  other  volumes 
describing  equipment  developments  undertaken 
by  the  contractors  and  laboratories  of  Division  6,  was 
derived  from  numerous  reports  and  memoranda  pre- 
pared by  the  several  laboratory  groups  concerned. 
Consequently,  the  following  chapters  are  more  in  the 
nature  of  a series  of  edited  reports  than  an  integrated, 
balanced  text. 

It  is  believed  that  the  presentation  is  sufficiently 
complete  to  serve  as  a reference  volume  to  those  who 
may  be  interested  in  the  efforts  of  the  Division  in  this 
field.  A complete  bibliography  has  been  provided  at 
the  end  of  the  volume  for  the  convenience  of  those 
who  may  wish  details  and  data  necessary  to  extend 


further  any  of  the  experimental  developments  de- 
scribed. 

Principal  credit  for  the  compilation  and  prepara- 
tion of  the  material  in  this  report  should  l)e  given  to 
Wk  J.  Meringer  and  H.  J.  Sullivan  of  the  Columbia 
University  Summary  Reports  Group  staff.  Acknowl- 
edgment should  also  be  made  for  the  helpful  coopera- 
tion of  the  Bell  I’elephone  Laboratories  and  the  U.  S. 
Navy  Underwater  Sound  Laboratory  at  New  London, 
Connecticut,  in  supplying  reports,  drawings,  and 
photographs  not  previously  available. 

« John  S.  Coleman 
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Chapter  1 

THE  SOUND  GEAR  MONITOR 


OAXy  OCPy  and  Installed  Monitors 

The  sound  gear  mon  itor  [.STriM]  developed  by  HUSL 
is  an  instrument  which  utilizes  a steady  nonpinging 
signal  to  obtain  information  concerning  the  tratis- 
mitting  and  recewing  characteristics  of  echo-rangifig 
equipments.  By  means  of  such  a monitor,  sonar  gear 
may  be  tuned  and  adjusted  for  optimum  perform- 
ance, checked  for  operational  deterioration,  and  com- 
pared with  other  sonar  systeins.  Portable  and  in- 
stalled types  of  the  sound  gear  monitor  luere  dex'el- 
oped.  The  two  portable  models,  known  as  Model 
OAX  and  Model  OC.P,  each  comprise  ati  oscillator- 
amplifier  unit  and  a hydrophone.  The  OA  X operates 
in  the  range  17  to  27  kc;  the  OCP,  in  the  range  7 to 
70  kc.  Experimental  work  on  a permanently  installed 
type,  called  the  installed  sound  gear  monitor  [ISGM], 
was  carried  on.  The  model  tested  utilized  an  OAX 
electronic  unit  and  a special  strut-transducer  com- 
bination. 

n INTRODUCTION 

The  sound  gear  monitor  [sgm]  is  a device  which 
is  used  to  measure  the  characteristics  of  echo- 
ranging  etjuipment  and  other  sonar  devices.  Meas- 
urements which  can  be  made  include  (1)  transmit- 
ting and  receiving  frequency-response  characteristics, 
transmitting  and  receiving  directivity  character- 
istics, and  (3)  approximate  transmitting  power  and 
receiving  sensitivity. 

These  measurements  find  application  in  tuning 
and  adjusting  sonar  equipment  for  optimum  per- 
formance, in  checking  sonar  equipment  for  perform- 
ance deterioration,  and  in  comparing  the  perform- 
ance characteristics  of  different  sonar  systems.  In 
each  application  the  monitor  makes  a direct  meas- 
urement of  the  overall  response  of  the  sonar  system. 
Thus,  the  transmitting  function  of  a sonar  system 
is  tested  by  measuring  the  sound  pressure  which  the 
sonar  projector  prcKluces  in  the  water,  and  the  re- 
ceiving function  is  tested  by  evaluating  the  response 
of  the  system  to  an  underwater  sound  signal  of  known 
properties.  In  both  applications  the  monitor  utilizes 
continuous  signals,  rather  than  pulses  or  “pings.” 


Fua'RK  1.  Souiul  oear  nioiiitoi . 


Description  of  SGM 

I'wo  types  of  sound  gear  monitor  were. developed. 
One,  called  the  portable  sound  gear  monitor  [OAX 
and  OCP],  employs  a transducer  suspended  over- 
side; the  other,  using  a transducer  mounted  on  a 
retractable  strut,  is  known  as  the  installed  sound 
gear  monitor  [ISGM].  Each  type  consists  of  two  parts, 
namely,  a transducer  and  an  oscillator-amplifier  unit. 
Though  the  mechanical  arrangement  of  the  units 
differs  widely  in  the  two  types  of  monitor,  their 
functions  are  identical. 

I he  oscillator-amplifier  unit  is  provided  with  a 
selector  switch  which  may  be  set  on  “receive,”  “beat,” 
or  “send.”  With  the  switch  in  the  “receive”  posi- 
tion, the  unit  may  be  used  to  measure  the  sound 
field  intensity  and  the  transmitted  directivity  pattern 
of  the  sonar  system  under  test.  In  the  “beat”  posi- 
tion, a local  signal  of  the  oscillator-amplifier  unit 
is  mixed  with  the  signal  picked  up  by  the  trans- 
ducer. Hy  heterodyning  the  two  signals  and  adjust- 
ing the  calibrated  frequency  of  the  local  oscillator 
until  “zero  beat”  is  obtained  from  the  unit’s  loud- 
speaker, the  transmitted  frequency  can  be  measured. 
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When  the  selector  switch  is  on  “send,”  the  calibrated 
signal  of  the  monitor  is  transmitted  via  the  trans- 
ducer to  the  sonar  equipment  being  checked.  This 
makes  it  possible  to  tune  the  sonar  receiver  and  to 
determine  its  receiving  sensitivity  and  directivity 
patterns. 

Advantages  of  SGM  Over  Early  Procedures 

Before  the  development  of  sound  gear  monitors, 
four  methods  of  tuning  QC  drivers  were  in  use.  These 
were:i 

1.  The  “sing,”  “hiss,”  or  “sizzle”  method. 

2.  The  r-f  current  method. 

3.  The  driver  plate  current  method.^ 

4.  The  OL  (Navy  designation)  equipment 
method. 

The  first  three  are  inferential  methods,  i.e.,  it  is 
inferred  that  the  projector  sound  output  is  a maxi- 
mum though  the  tuning  operation  is  accomplished 
by  observing  something  other  than  the  sound  in- 
tensity in  the  water.  The  methods  are  both  con- 
venient and  rapid  and  require  no  other  apparatus 
than  what  is  already  a part  of  the  standard  echo- 
ranging installation.  They  are  reasonably  accurate 
and  the  probable  error  should  not  result  in  more 
than  a 3-db  decrease  in  echo-to-noise  ratio.  How- 
ever, since  the  observed  quantities  are  small  (de- 
pending upon  hearing  acuity  or  the  observation  of 
slight  meter  deflections),  a certain  amount  of  under- 
standing and  judgment  is  required  of  the  operator. 
The  dependability  of  the  methods  is  not  great  since 
slight  changes  in  the  equipment  because  of  aging 
and  service  wear  may  seriously  affect  their  accuracy, 
or  possibly  prevent  their  use  at  all. 

In  contrast  to  the  inferential  methods,  the  OL 
equipment  permits  the  direct  measurement  of  the 
quantity  of  interest,  namely,  the  intensity  of  the 
sound  radiated  into  the  water.  There  are,  however, 
several  disadvantages  to  the  OL  equipment:  (1)  it 
cannot  be  used  when  the  ship  is  under  way;  (2)  it  is 
available  only  on  tenders  or  at  bases;  (3)  its  size  and 
weight  and  the  length  of  time  required  to  put  it 
in  operation  tend  to  discourage  its  frequent  use.  For 
these  reasons  the  OL  equipment  is  usually  restricted 
to  making  acceptance  tests  on  new  equipment,  de- 
termining directivity  patterns,  and  trouble-shooting. 

After  the  sonar  driver  was  tuned  to  the  frequency 
of  projector  resonance  according  to  one  of  the  above 
methods,  the  receiver-amplifier  was  tuned  for  maxi- 
mum sensitivity  at  that  frequency.  The  OL  equip- 


Figure  2.  OAX  sound  gear  monitor  (production  proto- 
type), Model  5-E  oscillator-amplifier  panel. 

ment  does  not  provide  for  the  generation  of  a test 
signal  in  the  water,  and  therefore  it  offers  no  ad- 
vantage in  receiver-amplifier  tuning. 

With  the  development  of  the  sound  gear  monitor 
it  is  now  possible  to  perform  the  necessary  tests 
accurately  and  conveniently.  The  portable  monitor 
may  be  used  on  ships  tied  to  a dock;  in  the  case  of 
ships  under  way,  the  installed  monitor  may  be  uti- 
lized. The  dynamic  monitor  (see  Chapter  2)  is  an 
improved  device  which  furnishes  an  index  of  the 
overall  acoustical  efficacy  of  sonar  echo-ranging  gear. 
It  differs  from  the  SGM  in  the  utilization  of  pulses 
or  pings,  instead  of  continuous  signals. 

Final  Design 

OAX  Monitor.  Figure  2 is  a photograph  of  the 
oscillator-amplifier  panel  of  a prototype  model  for 
commercial  manufacture.  The  final  design  of  the 
portable  OAX  monitor  (also  known  as  underwater 
sound  portable  testing  equipment)  consists  of  this 
unit  together  with  the  B-19B  transducer  (see  Sec- 
tion 1.3.2).  The  frequency  range  is  from  17  to  26  kc. 

OOP  Monitor.  The  complete  portable  X-OCP 
monitor  is  shown  in  Figure  3,  including  the  B-19H 
transducer.  The  frequency  range  is  from  7 to  70  kc. 
The  commercially  manufactured  counterpart  is  des- 
ignated as  Portable  Testing  Equipment— Sonar- 
Model  OCP. 

ISGM.  The  original  intention  in  the  design  of 
the  installed  sound  gear  monitor  was  to  have  a bulk- 
head-mounted oscillator-amplifier  unit  operating  in 
conjunction  with  an  installed  transducer.  However, 
such  an  electronic  unit  was  never  developed.  In  its 
place,  use  was  made  of  the  electronic  unit  of  the 
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Figi'rf.  3.  X-OCP  sound  gear  monitor  (production  proto- 
type), with  B-19H  transducer. 

portable  OAX  monitor.  The  ISGM  development 
was  concentrated  on  the  design  of  a strut  for  re- 
tracting the  transducer.  Several  versions  were  in- 
stalled on  various  ships  for  experimental  purposes. 
A successful  model  is  shown  in  Figure  4. 

Future  Improvements 

Portable  Monitor.  Since  the  electronic  unit  has 
reached  a satisfactory  stage  of  development,  no  rec- 
ommendations are  made  for  its  improvement.  Modi- 
fication of  the  monitor  for  use  as  auxiliary  equip- 
ment, such  as  a vacuum-tube  voltmeter,  or  in  code 
communication  has  been  carried  out  to  some  extent, 
and  further  development  along  those  lines  seems 
desirable.  Although  the  transducers  used  compare 
favorably  with  the  latest  magnetostrictive  designs, 
there  is  room  for  improvement  in  uniformity  of 
pattern  and  smoothness  of  frequency  response. 

Installed  Monitor.  It  is  recommended  that  a bulk- 
head-mounted  electronic  unit  be  developed  for  use 
with  the  installed  transducer.  Permanent  installa- 
tion relaxes  the  weight  and  portability  restrictions 
applicable  to  the  portable  monitor,  thereby  per- 
mitting more  rugged  mechanical  construction,  more 
elaborate  circuits,  and  consequent  increased  stabil- 
ity of  operation.  A desirable  feature  which  should 
be  considered  for  future  development  of  the  re- 
tractable strut  is  a remote-control  hoist  mechanism. 

12  REQUIREMENTS 

Five  proposals  were  made  for  a measuring  device 
to  be  used  in  conjunction  with  echo-ranging  gear. 
These  were: 

1.  A vibration  pickup  (contact  microphone)  to 
be  permanently  fastened  to  the  projector  mounting 


shaft.  The  electrical  output  of  the  microphone  (by 
means  of  an  amplifier-indicator)  would  indicate  the 
mechanical  resonance  point  of  the  projector  as  the 
driver  amplifier  was  tuned  through  the  resonant  fre- 
quency. Fhis  system  was  considered  inadequate  be- 
cause: 

a.  It  would  provide  means  only  for  tuning  the 
transmitting  system;  pattern  measurements, 
power  output,  and  receiving  characteristics 
could  not  be  measured. 

b.  It  might  give  fallacious  indications  of  pro- 
jector resonance  because  of  the  acoustic 
transmission  characteristics  of  the  projector 
mounting  shaft,  e.g.,  mechanical  resonances 
of  the  shaft  at  frequencies  near  the  projec- 
tor’s resonant  point, 

2.  A vibration  pickup  (contact  microphone)  to  be 
mounted  on  the  inner  surface  of  the  ship’s  hull  and 
connected  to  an  amplifier-indicator.  This  system 
would  not  be  applicable  to  measurement  of  receiv- 
ing characteristics,  but  it  might  possibly  permit  crude 
transmitting  pattern  measurements  in  addition  to 
the  driver  tuning  operation.^^ 

3.  A transducer  mounted  inside  the  projector 
dome.  ^Vhen  connected  to  suitable  electronic  equip- 
ment, the  transducer  could  be  used  both  to  transmit 
and  receive.  It  could  not,  however,  be  used  for  pat- 
tern measurements.  An  . additional  disadvantage 
would  be  that  the  transducer’s  output  would  not  be 
a reliable  indication  of  the  overall  acoustic  output 
of  the  system,  since  marine  growths  on  the  outer 
surface  of  the  dome  and  precipitated  solids  on  its 
inner  surface  may  seriously  attenuate  the  radiated 
energy.'’ 

4.  A transducer  to  be  suspended  overside.  It  could 
be  used  for  both  sending  and  receiving,  for  tuning 
both  the  driver  and  the  receiver-amplifier,  and  for 
measuring  transmitting  and  receiving  directivity  pat- 
terns. Assuming  stable  characteristics  for  the  trans- 
ducer and  associated  electronic  equipment,  the  de- 
vice would  permit  measurement  of  the  overall  acous- 
tic power  output  of  the  sonar  transmitter  and  the 

a Two  slight  variations  of  this  proposal  were  (1)  a transducer 
to  he  located  in  a small  water  tank  attached  to  the  inner  sur- 
face of  the  ship’s  hull,  and  (2)  a transducer  to  he  mounted  in 
a watcr-fdled  blister,  attached  to  the  outer  surface  of  the 
ship’s  hull. 

bThis  proposal,  though  rejected  by  HUSL,  was  subse- 
quently developed  by  NRL.  Two  models  of  the  resulting 
equipment  arc  known  as  the  OBY3  and  the  OCH.4 
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Figure  4.  Hoist  mechanism  of  installed  sound  gear  monitor. 
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overall  sensitivity  of  the  sonar  receiver.  If  the  trans- 
ducer could  be  made  nondirectional  in  at  least  one 
plane,  it  could  be  suspended  by  a line  from  the  ship’s 
rail,  thus  eliminating  much  of  the  bulk  and  incon- 
venience associated  with  the  OL  equipment. 

5.  A transducer  mounted  on  a retractable  stream- 
lined strut,  to  ])crinit  lowering  to  the  level  of  the 
ship’s  projector  at  a known  bearing  with  respect  to 
the  projector.  The  transducer  would  be  used  for 
both  sending  and  receiving.  It  could  be  used  to  make 
all  the  measurements  possible  with  the  overside 
transducer  suspension  described  in  (4).  It  would  have 
an  advantage  over  the  overside  suspension  in  that  it 
could  be  used  with  the  ship  under  way.  The  strut 
could  be  withdrawn  through  a gate  valve  when  not 
in  use  and,  with  the  gate  valve  closed,  could  be  re- 
moved, adjusted,  or  repaired. 

The  first  three  proposals  were  too  limited  in  po- 
tential application.  None  of  them  would  serve  to 
make  reliable  pattern  measurements;  they  would  not 
guarantee  reliable  measurements  of  transmitted 
power  or  receiving  sensitivity;  even  their  applica- 
tion to  the  tuning  of  the  sonar  seemed  doubtful. 
As  a result  no  extensive  investigations  were  made. 
The  last  two  proposals  were  believed  to  merit  in- 
vestigation and  development,  and  the  respective 
units  were  designated  portable  sound  gear  monitor 
and  installed  sound  gear  monitor. 

The  nature  of  the  sonar  testing  problem  imposes 
certain  design  considerations  which  have  served  as 
a basis  for  the  development  of  the  monitor.  The 
following  discusses  separately  the  considerations  for 
the  portable  model  and  the  installed  model. 

‘ 2 * Portable  Monitor 

Overall  Electrical  Design.  The  sound  gear  moni- 
tor is  designed  (1)  to  make  measurements  of  the 
acoustic  field  from  sonar  gear,  and  (2)  to  produce  an 
acoustic  test  signal  in  the  water  at  the  sonar  pro- 
jector. Hence,  the  monitor  consists  of  a hydrophone, 
an  oscillator-amplifier  unit,  suitable  indicating  de- 
vices, and  interconnecting  cables.  The  system  must 
be  stable  over  long  intervals  to  allow  comparison  of 
the  performance  of  the  sonar  gear  at  different  times. 
In  order  to  be  applicable  to  all  sonar  gear,  the  fre- 
(juency  response  of  the  unit  should  be  flat  and  should 
include  all  working  frequencies. 

Electronic  Design.  The  electronic  chassis  consists 
of  amplifiers  and  an  oscillator  which  are  arranged 
to  satisfy  three  functions:  send,  beat,  and  receive.  In 


the  receive  position,  the  amplifier  is  connected  to 
the  transducer  and  the  amplifier  output  is  indicated 
on  a meter.  I'he  amplifier  must  be  capable  of  re- 
ceiving maximum  signal  (120  db  above  1 bar  at  1 
meter)  without  overloading  and  must  also  respond 
to  signals  as  low  as  40  db  above  1 bar  while  main- 
taining a large  signal-to-noise  ratio.  .Sensitivity  ad- 
justment should  be  provided  to  allow  indication  of 
these  signals  at  zero  on  the  output  meter. 

In  the  beat  position,  the  amplifier  output  is  mixed 
with  the  oscillator  output  to  give  an  audible  signal 
from  the  loudspeaker.  By  tuning  the  oscillator  until 
the  beat  frequency  is  brought  to  zero,  the  oscillator 
is  set  to  the  frequency  of  the  sonar  gear.  The  oscil- 
lator should  be  stable  so  that  the  frequency  of  the 
sonar  gear  may  be  accurately  read  from  the  calibrated 
dial. 

In  the  send  position,  the  amplifier  is  disconnected 
from  the  transducer,  and  the  oscillator  is  connected 
to  the  power  stage  in  the  amplifier,  whose  output  is 
connected  to  the  transducer.  Thus,  the  system  serves 
as  a source  for  an  acoustic  test  signal.  Sufficient  power 
output  must  be  available  to  provide  a field  at  the 
sonar  projector  of  the  order  of  40  db  above  1 bar. 
This  should  be  adjustable  so  as  to  avoid  overload  of 
the  sonar  gear. 

The  oscillator  and  amplifiers  are  thus  intercon- 
nected in  three  different  ways  and  the  design  must 
be  such  as  to  avoid  any  disturbance  of  the  oscillator 
fretjuency  in  any  of  these  three  positions.  Moreover, 
the  oscillator  should  be  isolated  from  the  amplifier 
to  avoid  accidental  insertion  of  oscillator  voltage. 

T ransdncer  Design.  For  ease  of  handling,  the  trans- 
ducer should  be  sus|)ended  from  the  ship’s  rail  by 
a rope.  However,  the  transducer  cable  should  be 
provided  with  strain  relief  or  be  otherwise  supported 
at  the  water  seal.  To  minimize  any  sidewise  motion, 
an  external  weight  is  hung  below  the  transducer. 
T his  arrangement  does  not  prevent  rotation  of  the 
transducer  by  twisting  of  the  suspension  cable.  For 
use  in  testing  sound  gear,  which  radiates  primarily 
in  the  horizontal  plane,  the  transducer  should  be 
nondirectional  in  this  plane  to  prevent  the  twisting 
motion  from  inffuencing  the  measurements.  It  should 
have  maximum  sensitivity  in  this  plane  and  greatly 
diminished  sensitivity  in  other  planes,  since  meas- 
urements in  any  plane  other  than  the  horizontal 
are  not  required.  If  the  transducer  has  appreciable 
sensitivity  in  the  vertical  direction,  sound  waves  re- 
flected from  the  harbor  bottom  or  from  the  ship’s 
hidl  could  produce  misleading  results.  It  should  have 
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reasonable  sensitivity  to  avoid  need  for  excessive 
gain  in  the  amplifier  unit,  and  to  produce  a desir- 
able value  of  signal-to-noise  ratio.  The  frequency 
response  should  be  flat,  or  nearly  so,  to  avoid  com- 
plicated compensating  networks  or  frequency  cali- 
bration charts.  The  transmitting  efficiency  should 
permit  the  necessary  field  to  be  generated  with  a 
modest  power  amplifier  in  the  electronic  chassis. 

The  requirements  discussed  above  are  best  met 
by  a tubular  magnetostriction  transducer  of  the  ra- 
dially vibrating  type.^^  Its  sensitivity  is  uniform  in 
a plane  perpendicular  to  the  axis  of  the  tube  but 
falls  off  rapidly  with  inclination  to  this  plane.  The 
Q of  the  transducer  and  the  frequency  of  mechanical 
resonance  are,  within  limits,  independently  control- 
lable. 

^•2-2  Installed  Monitor 

Overall  Electrical  Design.  The  section  on  overall 
electrical  design  of  the  portable  monitor  is  applicable 
to  the  installed  monitor. 

Electronic  Design.  The  electronic  chassis  is  the 
same  as  that  used  in  the  portable  monitor,  with  the 
exception  that  in  the  case  of  the  installed  monitor, 
permanent  bulkhead  mounting  should  be  provided. 
Thus  it  is  not  subject  to  such  severe  restrictions  on 
size  and  weight  as  the  portable  unit. 

Transducer  Design.  Like  its  portable  counterpart, 
the  installed  transducer  should  be  of  the  radially 
vibrating,  tubular,  magnetostrictive  type.**  In  a hori- 
zontal plane  the  response  need  not  necessarily  be 
uniform  through  360  degrees,  for  the  angular  orien- 
tation of  the  transducer  is  held  constant  by  the 
supporting  strut.  The  response  should  be  uniform, 
however,  over  an  angle  which  subtends  the  ship’s 
projector  (or  projectors). 

The  size  of  the  transducer  is  not  of  critical  im- 
portance, but  it  should  be  small  enough  to  permit 
withdrawal  through  a reasonably  sized  port  in  the 
ship’s  hull.  The  transducer  should  have  a streamlined 
cross  section,  both  to  minimize  the  frictional  forces 
resulting  from  motion  through  the  water  and  to 
minimize  the  noise  generated  by  water  turbulence. 

Strut  and  Hoist  Design.  Considerations  of  vulner- 
ability require  that  the  transducer  and  its  strut  be 
retractable.  They  should  be  withdrawn  through  the 
hull  of  the  ship  when  the  monitor  is  not  in  use  to 
minimize  the  danger  to  the  transducer  from  col- 
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lisions  with  floating  debris  and  to  cut  down  unnec- 
essary water  drag.  Considerations  of  serviceability 
require  the  transducer  and  strut,  when  withdrawn, 
to  be  easily  removable  for  replacement  or  repair. 
For  frequent  raising  and  lowering,  a motor-driven 
hoist  mechanism  should  be  provided. 

On  high-speed  combat  vessels  the  frictional  forces 
encountered  by  the  strut  are  quite  large.  The  me- 
chanical design  should  consider  these  forces  and,  in 
addition,  the  possibility  of  impacts  with  fish  and 
other  objects. 

Location  of  the  Transducer.  The  location  of  the 
transducer  with  respect  to  the  sonar  projector  is 
important.  The  extended  transducer  should  be  level 
with  the  projector  so  as  to  lie  in  the  center  of  the 
projector’s  major  vertical  lobe. 

Since  the  distances  traveled  by  sound  in  echo- 
ranging practice  are  large  compared  to  the  diameter 
of  the  sonar  projector,  the  sound  energy  that  reaches 
a target  and  is  returned  from  the  target  consists  of 
essentially  plane  waves.  If  the  distance  between  the 
monitor  transducer  and  the  sonar  projector  is  de- 
creased to  a value  commensurate  with  the  projector 
diameter,  the  variations  in  path  length  as  measured 
to  different  points  on  the  active  surface  of  the  pro- 
jector become  significant  fractions  of  a wavelength. 
When  this  occurs,  normal  directivity  patterns  and 
frequency-response  curves  are  not  obtained. 

Open-water  measurements  made  with  a 19-in.  di- 
ameter QC  projector  (24.25  kc)  and  a portable  moni- 
tor indicated  that  any  decrease  in  separation  below 
4 ft  caused  a noticeable  broadening  of  the  projec- 
tor’s major  lobe.  From  these  observations  it  was 
decided  that  the  minimum  permissible  separation, 
a function  of  frequency  and  projector  aperture, 
should  be  6 ft.^ 

To  assign  a definite  upper  limit  to  the  separation 
distance  is  difficult  because  of  several  variable  fac- 
tors, such  as  the  contour  of  the  ship’s  hull.  An  ap- 
propriate limit  of  12  ft  has  been  accepted,  but  no 
direct  observations  have  been  made  to  substantiate 
this  assumption. 

13  OAX  MONITOR 

Description 

The  OAX  monitor  is  the  portable  model,  with  a 
frequency  range  of  from  17  to  26  kc.  The  block 
diagram  of  Figure  5 illustrates  the  basic  functional 
design.  (It  applies  equally  well  to  the  OCP  and  in- 
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Figure  5.  Block  diagram  of  sound  gear  monitors. 


vibrating  type.  The  magnetostrictive  element  is  an 
oxide-annealed  nickel  tube  6 in.  long,  with  an  out- 
side diameter  of  1.5  in.  and  a wall  thickness  of  0.035 
in.  The  Alnico  polarizing  magnets  and  the  trans- 
ducer windings  are  contained  within  the  waterproof 
enclosure  formed  by  the  tube  and  the  top  and  bot- 
tom end  caps.  The  arrangement  of  these  parts  is 
shown  in  Figures  7 and  8.  The  transducer  winding 
consists  of  130  turns  of  No.  26  SCE  wire  wound 
in  two  layers  on  wooden  coil  forms. 

The  d-c  resistance  of  the  transducer  is  about  6 
ohms,  and  the  impedance  at  26  kc  is  31  + /52  ohms. 
The  horizontal  sensitivity  in  the  useful  frequency 


stalled  monitors.)  In  this  diagram  the  oscillator-am- 
plifier unit  has  been  divided  into  five  sections  as 
follows: 

1.  A receiving  amplifier  with  its  associated  output 
meter. 

2.  A power  amplifier. 

3.  A loudspeaker. 

4.  An  oscillator,  the  frequency  of  which  can  be 
varied  by  means  of  a calibrated  frequency  dial. 

5.  A power  supply  which  provides  plate  and 
filament  power  for  the  other  circuits. 

These  five  sections  can  be  interconnected  for  three 
different  functions  by  means  of  a selector  switch 
marked  receive,  beat,  and  send. 

*•^•2  The  Final  Design 

After  four  early  models  had  been  tested,  proto- 
type models  for  commercial  manufacture  were  de- 
veloped. These  were  designated  Models  5D,  5C,  and 
5E,  which  is  the  chronological  order  in  which  the 
respective  designs  became  fairly  well  standardized. 
All  three  models  are  known  as  Model  OAX  port- 
able monitor.  Model  5C  is  different  from  Model  5D 
in  that  an  additional  stage  of  amplification  is  used. 
Model  5E  differs  from  Model  5C  in  the  use  of  four 
variable  resistors  of  the  screwdriver-adjustment  type 
in  place  of  the  fixed  resistors  used  in  Model  5C. 

Since  the  same  transducer  was  used  with  each  of 
these  models,  it  is  discussed  first,  the  sections  fol- 
lowing being  devoted  to  a description  of  the  three 
electronic  units. 

Transducer 

The  B-19B  transducer,  shown  in  Figure  6,  is  a 
tubular  magnetostriction  hydrophone  of  the  radially 


Figure  6.  B-19B  transducer. 
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Figure  7.  Upper  section  of  transducer. 

range  (17  to  26  kc)  is  115  db  below  1 v per  bar  when 
the  transducer  is  connected  to  a 100-ohm  resistive 
load.  In  this  frequency  range  the  horizontal  sensi- 
tivity may  vary  ±1.5  db.  In  a horizontal  plane  the 
directivity  pattern  varies  less  than  ±1.5  db  from 
circular  symmetry.  In  any  vertical  plane  the  sensi- 
tivity is  maximum  in  a horizontal  direction  and 
drops  about  10  db  for  a 30-degree  inclination  to  the 
horizontal. 

A typical  curve  showing  the  frequency  response 
of  a B-19B  transducer  is  given  in  Figure  9. 


Model  5D 

Figure  10  is  a block  diagram  of  the  Model  5D 
oscillator-amplifier  unit,  and  Figure  1 1 is  a complete 
circuit  diagram. 

The  block  diagram  of  Figure  10  shows  the  circuit 
divided  into  sections  and  illustrates  the  action  of 
the  five-position  selector  switch.  Two  receiving  posi- 
tions are  provided:  full  gain,  and  30-db  fixed  attenu- 
ation. In  either  receiving  position  a variable  attenua- 
tor permits  manual  adjustment  of  the  attenuation 
in  3-db  steps  over  a range  of  57  db,  providing  a total 
dynamic  range  of  87  db.  The  gain  of  the  receiving 
amplifier  is  sufficient  to  produce  a 0-db  reading  of 
the  output  meter  with  an  input  level  of  1.8  mv  when 
no  attenuation  is  used. 

The  receiving  amplifier  is  a conventional  two- 
stage  resistance-coupled  amplifier.  Un-by-passed  ca- 
thode resistors  provide  a small  amount  of  degenera- 
tive current  feedback,  which  increases  the  stability 
of  the  amplifier  and  flattens  its  frequency  response. 
The  output  meter  is  a AVeston  Type  VU  meter.  A 
copper  oxide  rectifier  is  contained  within  the  meter 
case. 

In  either  receive  position  the  output  of  the  re- 
ceiving amplifier  is  applied  to  the  power  amplifier 
as  well  as  to  the  output  meter.  The  resistance-capaci- 
tance network  at  the  input  to  V-3A  and  the  capaci- 
tance C-14,  which  shunts  the  power  amplifier  out- 
put, make  the  power  amplifier  effectively  inopera- 
tive at  signal  frequencies.  In  both  receive  positions 
plate  voltage  is  not  applied  to  the  local  oscillator. 

In  the  beat  position  plate  voltage  is  applied  to 
the  local  oscillator  and  the  oscillator  signal  is  in- 
jected into  the  receiving  amj^lifier  (at  the  suppressor 
grid  of  V-2).  Heterodyning  between  the  oscillator 
signal  and  the  signal  from  the  hydrophone  causes 


Figure  9.  Sensitivity  calibration  of  B-19B  transducer. 
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a difference-frequency  signal  to  be  applied  to  the 
power  amplifier  and  speaker.  Idle  resistance-capaci- 
tance network  at  the  input  of  V-3A  and  the  cajiaci- 
tance  C-14,  which  shunts  the  power  amplifier  out- 
put, cause  little  attenuation  at  audible  difference 


fretjuencies;  consecpiently,  the  beat  note  is  heard  in 
the  loudspeaker. 

The  local  oscillator  consists  of  the  tube  V-3B  in 
a series-fed  Hartley  circuit.  The  stabilizing  resistor 
R-28  in  the  cathode  circuit  of  the  oscillator  tube 


Figure  1 1.  Schematic  diagram  of  portable  monitor.  Model  51). 
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improves  the  waveform  of  the  oscillator  output  and 
makes  the  frequency  of  oscillation  independent  of 
tube  characteristics.  The  trimmer  condenser  C-16, 
because  of  its  negative  temperature  coefficient,  sta- 
bilizes the  frequency  with  respect  to  temperature 
changes.  Voltage  regulation  of  the  oscillator  plate 
supply  voltage  is  used  to  overcome  the  effects  of  line 
voltage  variations. 

In  the  two  send  positions  of  the  selector  switch 
the  input  to  the  receiving  amplifier  is  grounded. 
The  local  oscillator  signal  is  applied  to  the  second 
stage  of  the  power  amplifier,  and  the  output  of  this 
amplifier  is  connected  to  the  transducer.  The  local 
oscillator  signal  is  also  injected  into  the  second  stage 
of  the  receiving  amplifier  in  the  same  manner  as 
described  above.  This  causes  the  output  meter  to 
give  a visible  indication  that  the  oscillator  is  func- 
tioning. The  additional  circuits  in  the  send  positions 
are  conventional,  with  the  possible  exception  of  the 
plate  circuit  of  V-4.  The  plate  load  impedance  of 
V-4  consists  of  the  input  transformer  and  the  speaker 
transformer  in  parallel.  The  fact  that  the  loud- 
speaker transformer  has  reasonably  high  impedance 
at  ultrasonic  frequencies  makes  this  arrangement 
possible. 

The  output  voltages  applied  to  the  transducer  are 
approximately  6.0  v in  the  full  gain  output  position, 
and  2 V in  the  10-clb  attenuation  position. 

The  Model  5D  monitor  when  used  with  a B-19B 
transducer  has  the  following  performance  charac- 
teristics. 

1.  Frequency  response:  flat  ±3  db  from  17  to  26 
kc  for  random  rotation  of  transducer. 

2.  Receiving  sound  field:  from  60  to  147  db  above 
1 bar. 

3.  Sending  sound  field,  two  fixed  values:  30  db 
and  40  db  above  1 bar  at  5 ft. 

Model  5C 

A block  diagram  is  given  in  Figure  10  and  a sche- 
matic circuit  diagram  is  shown  in  Figure  12. 

The  receiving  amplifier  is  similar  to  that  of  Model 
5D  except  that  an  additional  stage  of  voltage  am- 
plification is  used.  The  gain  of  the  receiving  ampli- 
fier is  109  db  (about  30  db  greater  than  in  the  Model 
5D).  The  additional  gain  was  incorporated  in  this 
unit  for  two  reasons:  (1)  a modification  was  made 
in  the  B-19B  transducer,  thereby  reducing  its  sen- 
sitivity; and  (2)  experience  in  the  use  of  the  5D 
monitor  had  indicated  that  higher  gain  would  be 
useful. 


The  power  amplifier,  oscillator,  and  meter  cir- 
cuits are  identical  with  those  of  Model  5D. 

The  performance  characteristics  are  as  follows. 

1.  Frequency  response:  flat  ±3  db  from  17  to  26  kc 
for  random  rotation  of  the  transducer. 

2.  Receiving  sound  field:  from  30  to  117  db  above 
1 bar. 

3.  Sending  sound  fields,  two  fixed  values:  30  db 
and  40  db  above  1 bar  at  5 ft. 

In  only  2 of  the  35  units  were  there  deviations  of 
3 db  per  kc. 

Model  5E 

Figure  10  is  a block  diagram  of  the  Model  5E 
oscillator-amplifier  unit,  and  a schematic  circuit  dia- 
gram is  given  in  Figure  13.  A photograph  of  the 
unit  is  shown  in  Figure  2. 

The  circuits  of  the  Models  5C  and  5E  differ  only 
in  the  fact  that  four  variable  resistors  of  the  screw- 
driver-adjustment type  are  used  in  Model  5E  in  place 
of  the  fixed  resistors  used  in  Model  5C.  The  quanti- 
ties made  adjustable  are  (1)  gain  of  the  receiving 
amplifier,  (2)  attenuation  of  the  30-db  receiving  at- 
tenuator, (3)  oscillator  voltage  injected  into  the  re- 
ceiving amplifier,  and  (4)  attenuation  in  the  — 10-db 
send  position. 

Two  advantages  resulted  from  the  use  of  the  vari- 
able components.  In  the  first  place,  production  of 
the  monitors  was  speeded  up  because  10  per  cent 
resistors  could  be  used  where  hand-picked  resistors 
were  formerly  required.  Secondly,  recalibration  of 
the  monitors  to  compensate  for  aging  or  replacement 
parts  was  made  possible.  The  performance  of  the 
Model  5E  is  identical  with  that  of  the  Model  5C. 

To  provide  a larger  range  of  transmitting  pres- 
sure levels,  an  external  sending  attenuator^  was  de- 
veloped for  use  with  all  Model  5 monitors. 

1.3.3  Recommendations  for  Future  Work 

The  electronic  oscillator-amplifier  unit  of  the 
portable  monitor  has  reached  a satisfactory  state  of 
engineering  development.  No  direct  recommenda- 
tions are  made,  therefore,  concerning  improvement 
of  its  present  functions.  It  is  recommended  that 
further  engineering  development  work  be  devoted 
to  those  design  features  which  will  allow  the  monitor 
to  serve  in  the  field  as  an  independent  signal  gen- 
erator and  vacuum-tube  voltmeter,  in  addition  to  its 
present  features. 
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Figure  12.  Schematic  diagram  of  portable  monitor,  Model  5C. 
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Figure  13.  Schematic  diagram  of  portable  monitor,  Model  5E. 


OCP  MONITOR 


Limitations 

The  })rincipal  limitations  of  the  portable  monitor 
are  associated  with  the  performance  of  the  trans- 
ducer. I'he  latter’s  characteristics  with  regard  to  uni- 
formity of  pattern  and  smoothness  of  frequency 
response  still  leave  something  to  be  desired,  although 
its  present  performance  appears  consistent  with  the 
present  state  of  advancement  of  the  magnetostriction 
transducer  art.  Further  rehnements  in  transducer 
design  should  l)e  ada})ted  to  the  monitor  transducer 
as  they  become  available. 

Ihe  limitations  due  to  transducer  performance 
appear  less  signihcant  when  compared  with  errors 
which  are  inherent  in  measurements  made  with  port- 
able equipment.  A suspended  transducer  is  never 
at  a precisely  known  location  with  respect  to  the 
sonar  projector,  nor  can  its  location  be  exactly  dupli- 
cated in  consecutive  suspensions.  During  any  given 
set  of  measurements,  the  transducer  is  free  to  rotate 
about  the  susj^ension  cable  and  is  likely  to  drift 
when  acted  on  by  water  currents.  The  inherent  in- 
stability of  the  transducer  mounting  and  the  ex- 
istence of  wave  interference  })atterns  give  rise  to 
fluctuating  meter  readings  which  limit  the  abso- 
lute accuracy  of  any  measurements  made  with  port- 
able equipment. 


14  OCP  MONITOR 

Development 

I'he  OAX  portable  monitor  was  designed  to  op- 
erate in  the  fretjuency  range  of  from  17  to  26  kc. 
When  the  development  of  sonar  etjuipment  tended 
toward  the  utilization  of  frequencies  outside  this 
range,  the  need  for  portable  testing  ecpiipment  cov- 
ering a larger  frequency  range  became  a})parent. 
Development  of  three  units  followed:  (1)  a modifi- 
cation of  the  Model  5 series  called  the  extended- 
range  monitor,  (2)  the  Model  7 wide-range  monitor, 
and  (3)  the  Model  X-OCP  monitor.  The  latter  was 
designed  to  be  a production  prototype  model  of 
the  OCP  portable  monitor. 

Extended-Range  Monitor 

I'he  extended-range  portable  monitor  is  a stand- 
ard 5C  or  5E  model  (see  Section  1.3.2)  which  has 
been  converted  for  broad-band  oj^eration.  Conver- 
sion kits  and  detailed  instructions®  have  been  sup- 
plied for  converting  standard  models  into  these 
wide-range  units. 


Ficurf.  i f Ti:uismiuint>  cliaiacieiistic  oI  extended  range 
monitor  with  B-19H  transdiuei. 


When  used  with  a B-19H  transducer,  the  monitor 
operates  satisfactorily  over  the  17-  to  71-kc  frequency 
range.  Figure  14  shows  the  transmitter  frequency 
characteristic.  The  total  variation  is  about  13  db, 
which  is  considerably  larger  than  desirable.  Only 
part  of  this  variation  results  from  transducer  char- 
acteristics, The  absolute  sound  output  was  about 
4 db  less  than  with  the  standard  model  monitor, 
but  was  otherwise  equally  satisfactory. 

Model  7 Wide-Range  Monitor 

The  Model  7 monitor  was  the  first  wide-range  unit 
whose  overall  design  took  into  consideration  the 
characteristics  of  the  B-19H  transducer  and  the  gen- 
eral problems  encountered  in  broad-band  ultrasonic 
equipment.  I'he  frecpiency  range  of  from  7 to  70 
kc  was  selected  to  coincide  with  the  usable  range 
of  the  transducer.  Electronic  circuits  were  designed 
to  give  a flat  frecpiency  response  in  this  range  and 
separate  equalization  networks  were  employed  to 
compensate  for  the  average  variations  in  the  B-19H 
frequency  characteristics.  The  performance  of  this 
unit  was  in  some  ways  inferior  to  that  of  the  Model 
X-OCP  monitor  described  in  the  next  section,  due 
to  incomplete  investigation  of  design  details. 

Final  Design 

I'he  Model  X-OCP  portable  monitor’^  is  the  name 
given  to  the  final  design  of  the  wide  frequency 
range  unit.  The  production  model  is  designated  as 
Portable  Testing  Equipment-Sonar-Model  OCP.  It 
uses  approximately  the  same  electronic  circuits  as 
Model  7 and  operates  over  the  same  frequency  range 
(7  to  70  kc)  and  the  same  range  of  sound  pressure 
levels.  It  differs  from  the  previous  unit  in  that  pri- 
mary consideration  is  given  to  the  problems  asso- 
ciated with  quantity  manufacture  of  the  instrument. 

Figure  15  shows  the  setuj)  used  when  taking  moni- 
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Figurf.  15.  Porlable  moiiilor  setup. 


tor  measurements.  (This  arrangement  applies  to  all 
portable  monitors.)  In  Figure  3 is  shown  the  Model 
X-OCP  sound  gear  monitor  with  a B-19H  trans- 
ducer. 

Transducer 

The  B-19H  transducer  used  with  the  OCP  monitor 
is  a tubular  magnetostriction  transducer  of  the  radi- 
ally vibrating  type.  (See  Figure  16.)  It  is  a miniature 
reproduction  of  the  Model  B-19B.  The  active  ele- 
ment of  the  B-19H  is  an  oxide-annealed  nickel  tube 
0.75  in.  in  diameter,  5 in.  long,  and  0.025  in.  in  wall 
thickness.  Brass  end  caps,  soldered  to  the  two  ends 
of  the  tube,  form  a waterproof  enclosure  in  which 
are  contained  the  polarizing  magnets  and  the  trans- 
ducer coils.  One  end  of  the  active  element  is  rigidly 
fastened  to  the  end  of  a stainless-steel  expanded 
metal  cage,  while  the  other  end  is  kept  centered  in 
the  cage  by  a rubber  cup.  The  only  function  of  the 
cage  is  to  provide  protection  for  the  active  element. 

The  diametral  polarizing  magnet  is  made  from 
four  laminations  of  0.014-in.  Cunico,®  and  provides  a 

e A copper-nickel-cobalt  alloy  manufactured  by  the  General 
Electric  Company. 


flux  density  of  4,000  gauss  in  the  nickel.  The  wind- 
ings consist  of  80  turns  of  No.  28  SCE  wire,  wound 
on  two  half-round  wooden  coil  forms. 

Because  the  B-19H  sensitivity  and  impedance  both 
rise  uniformly  with  frequency,  it  is  possible  to  achieve 
a nearly  flat  frequency  response  by  correct  resistance 
termination  of  the  transducer.  Figure  17  shows  the 
sensitivity  of  a B-19H  unit  for  various  terminations. 

The  sound  field  produced  by  a B-19H,  when 
driven  from  a constant-voltage  source,  is  shown  in 
Figure  18.  Because  of  the  variation  in  transducer 
impedance,  the  electrical  power  level  is  not  constant 
through  the  frecjuency  range.  The  power  level  is  in- 
dicated at  several  points  on  the  graph. ^ 

Circuit  Principles 

A schematic  diagram  of  the  X-OCP  monitor  is 
shown  in  Figure  19. 

Receiving  Amplifier.  The  receiving  amplifier  con- 
sists of  four  resistance-coupled  pentode  amplifier 
stages.  Degenerative  voltage  feedback  is  utilized  to 
flatten  the  frequency  response  and  to  stabilize  the 
gain  of  the  amplifier.  In  order  to  obtain  a large 
feedback  factor,  while  avoiding  oscillation  because 

f For  further  details  on  this  transducer,  see  Section  6.3.2  of 
Division  6,  Volume  13. 


Figure  16.  Cutaway  view  of  B-19H  transducer. 
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Figi’rk  17.  Sensitivity  of  B-19H  transducer. 


of  amplifier  phase  shift,  two  feedback  loops  are 
used:  one  involves  the  first  and  second  stages,  the 
other  involves  the  third  and  fourth  stages.  The  gain 
of  each  pair  of  stages  is  flat  within  3 db  from  5 to  88 
kc  without  the  use  of  feedback.  AVith  15  db  of  feed- 
back the  gain  variation  is  less  than  0.3  db.  The  whole 
receiving  amplifier,  i.e.,  both  pairs  of  stages  in  tan- 
dem, is  flat  within  0.5  db.  This  figure  includes  the 
frequency-response  deviations  of  the  output  meter. 

Oscillator  Circuit.  The  oscillator  uses  one  triode 
section  of  a type  6SN7GT  tube  (V-108A)  in  a series- 
fed  Hartley  circuit.  A single  tuning  condenser 
(C-124)  and  a set  of  four  inductances  (L-101,  L-102, 
L-103,  and  L-104)  provide  four  fretpiency  bands  as 
follows:  5 to  1 1 kc,  10  to  22  kc,  20  to  44  kc,  and 
40  to  88  kc. 

The  resistances  R-148  and  R-149  provide  cathode 
degeneration  which  stabilizes  the  frequency  and  the 
amplitude  of  oscillation  and  reduces  harmonic  dis- 
tortion. The  output  from  the  oscillator  is  applied 
to  a cathode  follower  (V-108B)  which  isolates  the 
oscillator  from  succeeding  circuits  and  provides  a 
low-impedance  signal  source. 

Mixing  and  Demodulation  Circuits.  Wdien  the 
selector  switch  is  in  the  beat  jjosition,  the  output 
voltage  of  the  local  oscillator  is  applied  to  the  con- 
trol grid  of  the  third  stage  (V-l()3)  of  the  receiving 
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Figurf.  18.  Transinittiiig  characteristics  of  B-19H  transducer. 


amplifier.  Since  all  stages  of  the  receiving  anqjlifier 
are  adjusted  for  linear  oj^eration,  the  oscillator  sig- 
nal and  the  amplified  out})ut  of  the  transducer  are 
simply  added  together  at  this  point  in  the  circuit. 
No  intermodulation  frequencies  are  produced,  khe 
resultant  output  of  the  receiving  amplifier  is  recti- 
fied by  V-105  and  the  rectified  signal  is  applied  to 
the  indicating  meter  M-lOl.  Short  time  constants 
are  used  in  the  rectifier-meter  circuit;  thus  the  meter 
indication  is  proportional  to  the  instantaneous  sum 
of  the  received  signal  and  the  local  oscillator  volt- 
age, not  the  amplitude  of  the  beat  note.  This  ar- 
rangement permits  precise  adjustment  of  the  local 
oscillator  to  the  exact  frequency  of  a received  sig- 
nal, for  the  meter  needle  responds  to  the  instan- 
taneous })hase  angle  between  the  signals  as  the  two 
frequencies  are  brought  together. 

Perjormance  Characteristics.  The  performance 
characteristics  are  as  follows: 

1.  Frequency  range:  7 to  70  kc. 

2.  Receiving  level  range:  33  to  123  db  above  1 bar. 

3.  Sending  level  range:  In  the  frequency  range  of 
from  13  to  70  kc  a maximum  sending  sound  pres- 
sure 42  db  above  1 bar  at  1 m can  be  produced.  At 
frequencies  below  13  kc,  the  output  must  be  de- 
creased to  prevent  overload  of  the  B-19H  trans- 
ducer. At  7 kc,  the  maximum  obtainable  sound  pres- 
sure is  33  db  above  1 bar  at  1 m. 

4.  Frequency  response:  The  response  for  either 
sending  or  receiving  varies  by  ±4  db. 

5.  Calibration  accuracy:  Figure  20  shows  the  cali- 
bration results. 

6.  Absolute  accuracy:  For  a random  measurement 
the  absolute  accuracy  may  be  subject  to  errors  total- 
ing 10  db,  but  the  probable  error  under  good  con- 
ditions should  not  exceed  4 db.  The  maximum  error 
of  10  db  represents  the  sum  of  permissible  errors  in 
transducer  response,  errors  due  to  tube  changes  not 
followed  by  recalibration,  and  errors  clue  to  fluctua- 
tion of  line  voltage  and  ambient  temperature. 


1.4.3  Recommendations  for  Future  Work 

Section  1.3.3,  outlining  future  work  on  the  OAX 
monitor,  applies  ecpially  well  to  the  OCP  monitor. 
The  frecjuency  range  of  the  Model  X-OCP  includes 
all  frecjuencies  currently  used  by  echo-ranging  sonar. 
It  does  not,  however,  include  the  lowest  frequencies 
employed  by  sonar  listening  gear,  and  it  would  seem 
desirable  to  extend  the  lower  frequency  limit  to  100  c 
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Figure  19.  Schematic  diagram  of  Model  X-OCF  jmrtable  monitor. 
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Figi’rk  20.  Calibration  of  40  production  units  of  Model 
X-OCl‘. 


to  make  the  monitor  applicable  to  this  ecpiipment. 
No  direct  course  of  action  can  be  outlined  for  ac- 
complishing this,  for  low-fretjuency  response  and 
portability  are  inversely  related  in  existing  trans- 
ducer designs. 

INSTALLED  SOUND  GEAR  MONITOR 

Description 

The  installed  sound  gear  monitor,  like  the  port- 
able models,  consists  of  an  oscillator-amplifier  unit 
and  a transducer.  Where  the  portable  monitor  uses 
a transducer  suspended  overside,  the  ISGM  employs 
a transducer  mounted  on  a retractable  strut.  It  was 
realized  from  the  beginning  of  the  development  of 
portable  models  that  there  are  inherent  disadvan- 
tages in  the  use  of  a suspended  transducer.  Most  sig- 
nificant of  these  disadvantages  is  the  impossibility 
of  using  the  ecpiipment  in  rough  water  or  while  the 
ship  is  under  way.  If  the  transducer  w’ere  perma- 
nently installed  in  a known  j)osition  with  respect 
to  the  sonar  projector,  operation  would  be  possible 
at  all  times.  An  installed  transducer  would  reejuire 
no  time  for  rigging  and  removing;  consecjuently  the 
sonar  operator  could  make  routine  checks  and  ad- 
justments at  regular  intervals.  Considerations  of  vul- 
nerability and  serviceability  reeptire  that  an  installed 
transducer  be  retractable. 

Since  the  electrical  recpiirements  for  an  installed 
oscillator-amplifier  unit  are  substantially  the  same 
as  those  for  the  portable  unit,  and  because  the  port- 
able type  was  expected  to  be  in  production  and  was 
already  available  for  experimental  use,  developmen- 


tal activity  was  concentrated  largely  on  the  trans- 
ducer, strut  mounting,  and  hoist  mechanism. 

*•^  2 Strut  Design 

1 

Experience  gained  in  the  development  of  the  first 
two  models  of  the  installed  monitor  indicated  that 
mechanical  design  was  a major  obstacle  in  the  de- 
velopment of  a satisfactory  prototype  model.  It  was 
accordingly  decided  to  adapt  commercially  procur- 
able underwater  logs  to  accommodate  the  monitor 
transducer. 

I'he  underwater  log  is  a standard  device  used  to 
measure  ship’s  speed.  A part  of  the  log  ecpiipment 
consists  of  a streamlined  strut  and  a hoist  mecha- 
nism for  retracting  the  strut  through  the  hull  of  the 
ship.  By  closing  a gate  valve,  it  is  possible  to  remove 
the  retracted  strut  for  replacement  or  repair.  To 
convert  the  log  strut  to  monitor  use  it  is  necessary 
only  to  attach  a suitable  transducer  at  the  lower 
end  and  provide  cable  water  seals  at  the  upper  end. 
Major  mechanical  design  problems  are  eliminated 
because  the  log  mechanism  is  designed  to  withstand 


Figuri.  21.  General  hull  anangemeiU  of  siihinaiine  log 
installation. 
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Service  usage  on  combat  vessels.  The  problem  of 
fabricating  an  installed  unit  is  simplified  to  the 
machine  work  required  to  attach  a transducer  to 
the  commercially  procured  strut. 

One  of  the  designs  used  was  called  the  Pit-Log 
installed  monitor  after  the  trade  name  of  the  strut 
used.  The  other  was  called  the  Bendix  Log  installed 
monitor  because  the  log  strut  used  is  a product  of 
the  Bendix  Corporation. 

Pit-Log  Installed  Monitor 

Operating  Principles.  As  normally  installed  on 
surface  vessels,  the  Pitometer  Log  (commonly  called 
the  Pit-Log)  utilizes  a strut  gate  valve,  and  stuffing 
box.  No  provision  is  made  for  easy  lowering  or 
raising.  A handle  is  attached  to  the  top  end  of  the 
strut  and  hoisting  is  accomplished  by  the  Armstrong 
method.  No  guide  rails  are  provided  for  the  top 
end  of  the  strut.  The  bearing  base  at  the  junction 


Figure  22.  Pit-Log  hoisting  arrangement. 


with  the  hull  is  sufficiently  rugged  to  withstand  any 
ordinary  forces. 

For  use  on  submarines  several  changes  are  in- 
corporated in  the  Pit-Log.  The  double-hull  con- 
struction of  the  submarine  complicates  the  gate  valve 
arrangement.  Figure  21  shows  the  mounting  em- 
ployed. The  bearing  base  (upper  bearing  surface  to 
lower  bearing  surface)  extends  over  4 ft.  In  sub- 
marine service  the  external  hydrostatic  forces  are  so 
large  that  a nonreversible  drive  is  required  for 
moving  the  strut.  This  takes  the  form  of  a sprocket 
chain  hoist  as  shown  in  Figure  22.  The  sprocket 
is  driven  through  a worm  wheel  and  crank.  Guide 
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rails  are  provided  for  supporting  the  upper  end  of 
the  strut  as  illustrated  in  this  figure.  The  hoist 
mechanism  is  so  designed  that  one  turn  of  the  hand 
crank  produces  a vertical  strut  motion  of  about  1 in. 

The  hoist  mechanism  and  guide  rails  are  not  a 
part  of  the  Pit-Log.  They  are  fabricated  by  the 
manufacturer  of  the  submarine  and  the  design  may 
differ  slightly  among  the  various  boat  yards. 

Transducer.  Several  transducers,  utilizing  the  ac- 
tive element  of  the  B-19H  unit,  were  developed 
for  use  with  the  Pit-Log  strut.  One  of  these  is  shown 
in  Figure  23.  The  magnetostrictive  tube  is  contained 


Figure  24.  Transducer  and  strut  assembly  No.  2. 


within  a rubber  block  of  the  same  cross  section  as 
the  Pit-Log  strut.  The  rubber  is  reinforced  by  a 
70  per  cent  expanded  metal  frame. 

Figure  24  shows  an  assembly  in  which  a sleeve 
encloses  the  upper  end  of  the  transducer  and  the 
lower  end  of  the  strut.  The  transducer  itself  is  shown 
in  Figure  25.  The  wires  from  the  transducer  pass 
through  a water  seal  at  the  upper  end  of  the  trans- 
ducer casing  and  then  through  a pair  of  holes  which 
run  vertically  up  the  strut  (the  two  holes  are  a part 
of  the  original  strut).  The  water  seal  at  the  top  of 
the  transducer  is  merely  a precautionary  measure, 
for  the  magnetostrictive  element  itself  is  hermeti- 
cally sealed. 

The  uniform  horizontal  pattern  of  the  bare  B-19H 
element  is  distorted  when  surrounded  by  a metal 
and  rubber  frame.  The  directivity  pattern  of  the 


Figure  25.  B-19H  transducer  for  assembly  No.  2. 
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Figure  26.  Directivity  pattern  for  B-19H  transducer 
(Pit-Log  assembly  No.  2). 


transducer  shown  in  Figure  25  is  given  in  Figure  26. 
This  pattern  is  satisfactory  for  installed  monitor 
application. 

Circuit  Principles.  The  original  intention  in  the 
design  of  the  installed  monitors  was  that  a bulk- 
head-mounted electronic  unit  should  be  developed 
for  use  with  the  installed  transducer.  The  electronic 
unit  was  to  be  a permanent  fixture  in  the  ship’s 
sound  room.  Permanent  installation  of  the  equip- 
ment relaxes  the  weight  and  portability  restrictions 
that  apply  to  the  portable  monitor,  thereby  permit- 
ting more  rugged  mechanical  construction,  more 
elaborate  circuits,  and  consequent  increased  stabil- 
ity of  operation.  Preliminary  circuits  were  worked 
on  from  time  to  time  but  no  operating  model  was 
ever  completed. 

The  installed  monitors  now  in  service  are  used 
in  conjunction  with  the  electronic  units  of  the  port- 
able monitor.  The  combination  of  an  installed  trans- 
ducer and  a portable  electronic  unit  gives  perfectly 
satisfactory  performance  but  does  not  represent  a 
finished  product  suitable  for  general  use. 


Recommendations 

The  development  of  the  installed  monitor  should 
be  continued  to  provide  a unit  suitable  for  general 
use  on  Navy  vessels.  It  is  believed  that  the  Pit-Log 
strut  and  the  transducer  already  developed  are  sat- 
isfactory for  such  general  use.  The  remaining  com- 
ponents of  the  complete  installed  monitor  system 
are  yet  to  be  developed.  These  include  a remote- 
control  hoist  mechanism  for  the  Pit-Log  strut  and 
a permanently  installed  electronic  unit. 

The  hoist  mechanism  should  be  motor  driven  and 
should  be  controlled  from  the  sound  room  of  the 
ship.  Provision  should  be  made  for  hand-hoisting  of 
the  strut  in  case  of  motor  failure.  Guide  rails  should 
be  used  to  steady  the  upper  end  of  the  strut  during 
the  hoisting  process.  Attention  should  be  given  tojthe 
mounting  and  support  of  the  hoist  mechanism  itself. 
If  possible  the  entire  unit  should  be  supported  at 
the  junction  between  the  Pit-Log  and  the  ship’s  hull. 
If  bulkhead  supports  are  used,  consideration  should 
be  given  to  the  elastic  bending  of  the  ship’s  hull 
structure,  which  may  cause  jamming  of  the  strut 
mechanism. 

The  electronic  unit  of  the  installed  monitor  should 
follow  the  general  design  used  in  the  portable  moni- 
tor. Calibration  stability  should  be  increased  if  pos- 
sible. Consideration  should  be  given  to  the  ambient 
temperature  ranges  and  the  mechanical  shocks  en- 
countered in  this  application. 

Bendix  Log  Installed  Monitor 

The  Bendix  Log  installed  monitor  was  never  car- 
ried beyond  the  design  stage,  largely  because  the 
successful  development  of  the  Pit-Log  type  satisfied 
the  existing  demand  for  installed  monitors. 

16  MODIFICATIONS  AND  AUXILIARIES 

The  sound  gear  monitor  may  be  modified  for  use 
as  a vacuum-tube  voltmeter  or  as  a communications 
device.  Moreover,  its  usefulness  is  still  further  in- 
creased by  auxiliary  equipment  such  as  the  phase 
sensitivity  test  unit,  the  projector  test  gear,  the  arti- 
ficial projector,  and  the  split  projector  test  unit.  For 
full  details,  the  reader  is  referred  to  the  completion 
report  on  the  sound  gear  monitor^  and  to  the  other 
pertinent  reports  listed  in  the  bibliography. 
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Dynamic  Monitor 

The  dynafnic  monitor  is  a dexnce  designed  and  cali- 
brated to  provide  direct  measurement  and  indication 
of  a numerical  index,  called  the  figure  of  merit,  of  the 
overall  acoustic  performance  of  sonar  echo-ranging 
equipment.  The  figure  of  merit  is  defined  as  the  ratio 
of  transmitted  ping  intensity  1 meter  from  the  pro- 
jector to  the  intensity  of  the  minimum  detectable 
echo  at  the  projector.  The  instrument  consists  of  an 
electronic  unit  and  a transducer  which  recewes  a ping 
transmitted  by  the  echo-ranging  gear  and,  after  an 
appropriate  time  interxml,  returns  an  artificial  echo 
of  controllable  strength,  frequency,  and  duration. 
The  monitor  was  constructed  by  the  Harvard  Under- 
water Sound  Laboratory  as  an  instrumental  aid  for 
the  scanning  sonar  program. 

2»  INTRODUCTION 

Figure-oi- -Merit  Evolution 

After  development  of  the  OAX  and  OCP  sound 
. gear  monitors^  it  was  recognized  that  an  index 
of  the  overall  acoustic  efficacy  of  sonar  echo-rang- 
ing gear  woidd  he  desirable.  This  resulted  in  the 
concept  of  the  figure  of  merit,  which  is  defined  as 
the  ratio  of  to  p^,  where  Pq  is  the  transmitted 
ping  int^isity  1 m from  the  projector,  and  p^  is  the 
intensity  of  the  minimum  detectable  echo  at  the  pro- 
jector. An  OAX  or  OCP  monitor  may  be  used  to 
determine  either  or  p^,  but  not  the  figure  of  merit. 
It  was  realized  that  an  instrument  that  would  deter- 
mine the  figure  of  merit  in  a reasonably  direct  man- 
ner would  be  of  value.  For  use  with  the  visual  chan- 
nel of  scanning  sonar  ecjuipment,  it  was  furthermore 
indicated  that  the  transmitted  signal  of  the  instru- 
ment had  to  be  a pulse  rather  than  continuous.  It  was 
to  meet  these  recpiirements  that  the  dynamic  monitor 
was  designed. 

Principles  of  Operation 

Like  the  OAX  or  OCP  sound  gear  monitor,  the 
dynamic  monitor  consists  of  a transducer  and  an 
electronic  unit  (see  Figure  1),  the  chief  difference 


L_  ~ 

Figure  1,  Dynamic  monitor  experimental  electronic  unit. 

being  in  the  electronic  unit  design,  which  is  so  de- 
vised as  to  key  an  echo  when  triggered  by  a ping. 
Briefly,  the  dynamic  monitor  operates  as  follows: 

1.  It  receives  a ping  transmitted  by  the  echo-rang- 
ing gear  being  tested.  . • 

2.  It  measures  the  intensity  of  that  ping. 

3.  After  a suitable  delay,  corresponding  to  range, 
it  automatically  returns  a controllable  echo  initiated 
by  the  ping. 

. 4.  It  measures  the  intensity  of  the  echo. 

5.  It  allows  the  difference  frecjuency  between  the 
ping  and  the  echo  to  be  heard. 

6.  It  gives  the  figure  of  merit  with  a minimum  of 
calculation. 

Specific  Uses  of  the  Dynamic  Monitor 

In  terms  of  the  figure  of  merit,  the  dynamic  moni- 
tor is  useful  for  the  following  specific  purposes: 

1.  To  compare  the  performance  of  different  types 
of  sonar  e(|uipment  under  similar  circumstances. 

2.  To  determine  the  changes  in  the  overall  func- 
tioning of  a particular  echo-ranging  gear  with  time. 

3.  To  determine  the  changes  in  the  overall  func- 
tioning of  a particular  sonar  gear  for  varying  condi- 
tions of  target  range,  ship's  speed,  etc.  . 

4.  To  provide  a trustworthy  numerical  index  by 
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Figure  2.  Block  diagram  of  dynamic  monitor. 
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which  to  gauge  the  improvement  in  successive  models 
of  sonar  systems. 

A block  diagram  showing  components  and  circuit 
sequence  is  provided  in  Figure  2. 

22  DERIVATION  OF  FIGURE  OF  MERIT 

Because  the  objective  of  the  dynamic  monitor  is  to 
provide  a means  of  obtaining  directly  the  figure  of 
merit  of  echo-ranging  sound  gear,  circuits  were  de- 
signed and  a formula  evolved  in  which  the  calcula- 
tion is  done  very  simply.  The  figure  of  merit  [F.  M.] 
of  a sonar  equipment  may  be  defined  as  10  logio  hjh 
(decibels),  where  is  the  sound  intensity  at  1 m from 
the  projector,  and  Ig  is  the  minimum  detectable  echo 
intensity  at  the  projector. 

Since  intensity  is  proportional  to  the  square  of 
pressure, 

F.M.  = 20  logio  ^db, 

Pe 

where  Pq  is  the  ping  pressure  in  dynes  per  square 
centimeter  at  a distance  of  1 m from  the  projector 
(see  Figure  3),  and  pg  is  the  pressure  in  dynes  per 
square  centimeter  of  the  minimum  detectable  echo  at 
the  projector.  Under  certain  conditions  it  may  be 
assumed  that  Pg  = P^  cl,  where  Pf  is  the  ping  pressure 
in  dynes  per  square  centimeter  at  d meters  from  the 
projector.  Since  Pf  = where  Ef  is  the  voltage 

developed  in  the  monitor  transducer  by  Pf,  and  A is 
the  terminated  monitor  transducer  sensitivity  in  volts 
per  dyne  per  square  centimeter,  therefore 


Similarly,  pg  = pgjd,  where  po  is  the  echo  pressure 
in  dynes  per  square  centimeter  at  1 m from  the 
monitor  transducer,  and  pg  = e^S,  where  is  the 
voltage  input  into  the  monitor  transducer  of  the 
minimum  detectable  echo,  and  S is  the  pressure  in 
dynes  per  square  centimeter  at  1 m from  the  monitor 
transducer  per  volt  input  into  the  monitor  trans- 
ducer. Substituting  for  pg, 

p^  = 

d 


Figure  3.  Simplified  setup  for  figiire-of-merit  measurement. 


Let  [ ] represent  20  logiQ. 

Then 

In  the  section  that  follows,  equation  (1)  is  devel- 
oped into  the  form  suitable  for  use  with  the  dynamic 
monitor.  Reference  to  Figure  4 is  an  aid  in  following 
this  development. 

The  input  and  output  attenuators  are  ganged  in 
such  a way  that  x Ao  always  equals  10^  (60  db  of 
attenuation).  As  defined  here,  A^  is  the  ratio  of  the 
voltage  appearing  at  the  input  terminals  to  the  volt- 
age at  the  output  terminals  of  the  receiving-channel 
attenuator..  The  other  factors  Ao,  A^,  E,  and  R are 
defined  similarly,  that  is,  as  ratios  of  input  to  output 
voltages  of  the  respective  attenuators.  The  amplifica- 
tions Gj,  Go,  Bi,  and  B2  are  defined  as  ratios  of  out- 
put to  input  voltages  of  the  respective  channels  or 
networks. 

It  may  be  shown  that2 

= (2) 

where 


Substituting  for  Pg  and  pg. 


III 


Tt 

G,B,' 
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where  [A’2]  = an  electrical  constant  of  the  electronic 
unit, 

[A 2]  = attenuation  of  ganged  attenuator  in 
transmitting  channel, 

[F]  = attenuation  of  figure-of-merit  attenu- 
ator. 

Combining  ecjuations  (4)  and  (5): 

[|]  = [/•’]  + [-<.]  + 1^2]  + [k,]  + [^2]. 


= A X A attenuation  of  receiving  channel  attenuator. 
A^  attenuation  of  ganged  attenuator  in  transmitting  channel. 
A^  attenuation  of  “calibrate”  potentiometer. 

F attenuation  of  figure-of-merit  attenuator. 

/J balancing  network  constants  (or  amplifications), 
e oscillator  voltage  output. 

minimum  detectable  voltage  output. 

ping  voltage  input. 

amplification  of  receiving  channel. 

G.,  amplification  of  transmitting  channel. 

R calibration  control  constant  (or  attenuation). 

5.,  switch  positions  of  the  “calibrate”  switch, 
standard  peak  voltmeter  reading  of  ping, 
standard  peak  voltmeter  reading  of  calibrating  process. 

Figure  4.  Simplified  block  diagram  of  dynamic  monitor. 


Recalliug  that  [A^]  + [^2]  = 60  db, 

let  [.4i]  -f  [/42]  + [A'l]  +[  A2]  = [^i]> 

where  [A\]  is  a constant  of  the  electronic  unit  as  a 
whole. 

Then 

[|]  = 

Combining  eejuations  (6)  and  (1): 


Similarly, 


Avhere 


Cn  = 


1 


koAoF’ 


lu  = 


^'1 


T,B.R  X 10“ 


Let 


(3) 


r.M.  = [/•']  + [A’l]  - [.4S]  + W\. 


[K,]  - [.AS]  = [A], 


(7) 


where  K is  a constant  of  the  electronic  unit  and  the 
monitor  transducer,  that  is,  of  the  dynamic 
monitor  as  a whole. 

Then 


Equation  (2)  may  be  written 


F.M.  = [F]  + [A^]  -f  [d^]. 


(8) 


[E,]  = [/;,]  + [A,],  • (4) 

where  [ Aj  ] = an  electrical  constant  of  the  electronic 
unit, 

[Ai\  = attenuation  in  decibels  of  the  receiv- 
ing-channel attenuator. 

Equation  (3)  may  be  written: 

Kl  = - [ArJ  - [A.]  - [A],  (5) 


The  figure  of  merit  may  therefore  be  calculated  by 
the  summation  of  three  factors:  (1)  the  setting  of  the 
figure-of-merit  attenuator,  (2)  an  apparatus  constant 
determined  solely  by  one  precise  calibration  of  the 
monitor  transducer  and  the  electronic  unit,  and  (3) 
a factor  which  takes  into  account  the  distance  d sepa- 
rating the  monitor  transducer  and  the  sonar  projector. 

It  will  be  shown  later  that  [A']  is  not  a true  con- 
stant, but  is  dependent  upon  the  frequency.  To  make 
a figure-of-merit  determination,  it  is  therefore  neces- 
sary to  select  the  ^’alue  of  [A]  from  graph  (g)  of  Figure 
19,  or  from  Table  3. 
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2 3 PRINCIPLES  OF  OPERATION 

File  dynamic  monitor  consists  ol  an  electronic  unit 
(see  Figure  1)  and  a magnetostriction  transducer  simi- 
lar to  that  employed  with  the  portable  sound  gear 
monitor.  In  operation  the  transducer  is  snsj)ended 
overside  at  a distance  d meters  Irom  the  axis  ol  the 
sonar  projector  (see  Figure  5).  1 he  sonar  gear  is  then 
turned  on  and  executes  its  normal  pinging  cycle.  Fhe 
function  of  the  dynamic  monitor  is  to  receive  the 
transmitted  pnlse,  to  provide  a cpiantitative  measure 
of  the  strength  of  this  pnlse,  and  to  generate,  after  an 
appropriate  echo-length  interval,  a small  artificial 
echo,  d'his  echo  can  be  adjusted  by  the  dynamic  moni- 
tor controls  until  it  is  just  recognizable  as  such  by  the 
operator  of  the  sonar  gear.  As  implied  by  the  defini- 
tion of  the  figure  of  merit,  the  objective  of  the  dy- 
namic monitor  is  to  provide,  as  simply  as  possible,  a 
cpiantitative  comparison  of  the  transmitted  intensity 
and  the  intensity  of  the  barely  recognizable  echo, 
d'his  is  accomplished  in  the  dynamic  mcjnitor  in  the 
following  w’ay: 

The  transmitted  pulse  (shown  in  Figure  3 as  a pres- 
sure To  at  1 meter  from  the  projector,  or  at  d meters) 
is  received  by  the  monitor  transducer  and  appears  as 
an  electric  signal  voltage  Ef  across  its  terminals.  T he 
voltage  Et  corresponding  to  the  transmitted  pulse  is 
passed  through  a calibrated  attenuator  to  a vacuum- 
tube  voltmeter  capable  of  reading  the  peak  amplitude 
of  the  short  pulse.  Assuming  suitable  calibration  of 
the  etpiipment,  the  attenuator  setting  recpiired  to 
produce  a standard  voltmeter  reading  becomes  a 
measure  of  the  transmitted  pulse.  At  a suitable  and 
adjustable  time  delay,  corresponding  to  range,  after 
reception  of  the  pulse,  a local  oscillator  in  the  moni- 
tor etjuipment  supplies  to  the  monitor  transducer, 
through  another  calibrated  attenuator,  an  electric 
signal  €(,  which  corresponds  to  the  pressure  pe  at  the 
echo-ranging  ])rojector.  (See  Figure  3.)"  This  attenua- 
tor is  then  adjusted  so  that  the  artificial  echo  is  just 
detectable.  I’he  fretpiency  and  pulse  length  of  the 
echo  pressure  can  be  varied  by  other  controls  of  the 
monitor  equipment.  Again,  suitable  calibration  of 
the  electric  circuits  would  enable  the  strength  of  the 
artificial  echo  to  be  known  (juantitatively. 

a It  is  to  be  understood  that  the  transmitted  ping  of  the  echo- 
ranging system  initiates  the  entire  jjrocess.  I he  ping  produces 
the  voltage  /q  triggers  a time-delay  circuit;  at  the  end  of 
fhe  time  delay  the  electric  signal  voltage  appears  across  the 
transducer  terminals  and  produces  the  synthesized  echo  pres- 
sure at  the  projector. 


ELECTRONIC  UNIT 


Figurf.  5.  Physical  setup  for  figure-of-merit  measuremeut 
using  dynamic  monitor. 


The  ecjuipmcni  as  just  described  would  be  capable 
of  providing  the  data  necessary  to  compute  the  figure 
of  merit,  but  in  measurement  equipment  of  this  type 
it  is  desirable  to  provide  means  which  (1)  reduce  the 
measurement  of  the  figure  of  merit  to  the  setting  of  a 
single  attenuator  and  (2)  make  it  unnecessary  to  rely 
upon  the  long-term  stability  of  the  electronic  equip- 
ment. The  specific  design  features  of  the  dynamic 
monitor  to  achieve  these  purposes  are  as  follows  (see 
Figure  4): 

1.  The  attenuator  in  the  receiving  channel  (used  to 
measure  the  sonar  pulse)  is  ganged  with  the  attenua- 
tor in  the  transmitting  channel  (which  delivers  the 
local  oscillator  signal  to  the  transducer)  so  that  the 
transmitting  attenuation  is  decreased  when  the  re- 
ceiving attenuation  is  increased. 

2.  Two  auxiliary  attenuators  are  connected  elec- 
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trically  in  series  with  the  transmitting  attenuator,  one 
known  as  the  figure-of-merit  attenuator,  the  other  as 
the  calibrate  potentiometer. 

3.  A switch  connection  is  provided  to  allow  the 
local  oscillator  signal,  generated  in  the  dynamic  mon- 
itor, to  be  calibrated  by  the  same  vacuum-tube  volt- 
meter (later  designated  as  the  input-amplitude  meter), 
which  is  utilized  to  measure  the  intensity  of  the  sonar 
transmitted  pulse. 

Before  the  figure-of-merit  ratio  of  ping  intensity  to 
echo  intensity  is  determined,  the  monitor  must  be  cal- 
ibrated for  this  relation.2 

With  the  monitor  calibrated  and  the  received  pings 
producing  standard  meter  readings,  the  figure-of- 
merit  attenuator  is  then  adjusted  until  the  artificial 
echo  is  just  detectable  at  the  sonar  gear.  The  figure-of- 
merit  calculation  is  made  by  adding  three  factors:  (1) 
the  setting  of  the  figure-of-merit  attenuator,  (2)  a fac- 
tor which  takes  into  account  the  distance  d between 
the  monitor  transducer  and  the  sonar  projector,  and 
(3)  an  apparatus  constant.  The  apparatus  constant  is 
a function  of  the  characteristics  of  the  monitor  trans- 
ducer and  of  the  electronic  unit.  When  the  equip- 
ment has  been  calibrated,  a standard  known  value 
may  be  assigned  to  the  term  contributed  to  the  con- 
stant by  the  electronic  unit. 

To  understand  clearly  why  only  the  setting  of  the 
figure-of-merit  attenuator  is  required,  it  is  helpful  to 
consider  an  example  of  a sonar  gear  for  which  the 
figure  of  merit  has  been  determined.  Assume  that  the 
intensity  of  the  sonar  pulse  is  increased  10  db,  while 
all  other  factors,  including  the  sensitivity  of  the  pro- 
jector in  detecting  the  echo,  remain  constant.  The 
figure  of  merit  of  the  sonar  gear  would  thereby  be  in- 
creased by  10  db. 

In  the  process  of  making  the  determination  after 
the  assumed  increase  in  output  power,  the  attenua- 
tion of  the  receiving  channel  must  be  increased  by  10 
db  to  obtain  the  standard  meter  reading.  At  the  same 
time  that  this  attenuator  setting  is  increased  by  10  db, 
the  attenuation  in  the  transmitting  channel  is  de- 
creased by  1 0 db  through  the  ganging  of  the  two  at- 
tenuators. In  order  to  compensate  for  this  reduction 
of  the  transmitting  attenuation,  so  that  the  same  echo 
intensity  is  transmitted  as  before,  the  figure-of-merit 
attenuation  must  be  increased  by  the  same  10  db.  In 
this  manner,  the  figure-of-merit  attenuator  setting  re- 
flects the  improvement  in  the  figure  of  merit  pro- 
duced by  the  assumed  increase  in  the  intensity  of  the 
emitted  pulse  of  the  sonar  gear. 


The  second  feature  specifically  designed  into  the 
dynamic  monitor  makes  its  calibration  independent 
of  the  long-term  stability  of  the  electronic  equipment. 
As  described  above,  a figure-of-merit  value  is  obtained 
by  adding  three  factors.  In  the  third  of  these  factors 
certain  characteristics  of  the  electronic  unit  play  a 
part.  These  characteristics,  however,  do  not  involve 
the  amplifier  components  of  the  electronic  unit  in 
any  way.  This  is  shown  later  by  the  detailed  analysis 
of  the  accuracy  of  the  system. 

A cathode-ray  oscilloscope  in  the  electronic  unit 
enables  the  operator  to  compare  the  pulse  length  of 
the  ping  with  the  pulse  length  of  the  echo.  Along  a 
horizontal  time  axis  on  the  oscilloscope  screen  the 
duration  and  shape  of  both  the  received  and  trans- 
mitted pulses  may  be  viewed.  In  order  that  the  echo 
frequency  may  be  matched  to  the  ping  frequency,  a 
loudspeaker  is  fed  with  the  difference  frequency  so 
that  zero  beat  during  ping  reception  indicates  the 
proper  frequency  adjustment. 

Circuit  Analysis 

The  complete  schematic  diagram  of  the  electronic 
unit  is  shown  in  Figure  6.  The  various  sections,  which 
will  be  discussed  in  turn,  are  (1)  the  receiving  section, 
which,  with  its  peak  voltmeter  circuit,  measures  the 
ping  intensity;  (2)  the  echo  range  and  echo  length 
section  which  determines  the  range  of  the  synthetic 
echo  and  the  duration  of  its  pulse;  (3)  the  loud- 
speaker section,  which  furnishes  the  beat  frequency 
between  the  ping  and  echo;  (4)  the  transmitter  sec- 
tion, which  furnishes  the  synthetic  echo;  (5)  the  cath- 
ode-ray tube  circuit,  which  provides  for  monitoring 
of  input  and  output  signals;  and  (6)  the  anode  power 
supply,  which  furnishes  regulated  and  unregulated 
B+  voltages. 

Receiving  Section 

In  the  receiving  section  (see  Figures  6 and  7),  the 
incoming  ping  passes  through  attenuators  and  ampli- 
fiers to  the  input-amplitude  meter,  where  its  intensity 
is  measured.  This  section  consists  of  a resistance- 
coupled  amplifier  with  a maximum  gain  of  80  db  and 
a peak  voltmeter  circuit.  The  amplifier  receives  the 
input  signal,  a square  pulse  of  radio  frequency,  from 
the  hydrophone,  and  amplifies  it  to  14  v.  The  output 
is  rectified  by  tube  6 and  appears  as  a d-c  voltage, 
across  condenser  C and  on  the  grid  of  tube  5-A.  With 
zero  signal,  tube  5-A  is  nonconducting,  because  of  the 
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Figure  6.  Circuit  diagram  of  experimental  monitor  electronic  unit 
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Figure  7.  Receiving  section;  amplifier  and  peak-volt- 
meter circuit. 

positive  voltage  produced  at  its  cathode  by  the  bleeder 
resistance  connection  to  .63  + . When  the  amplified  in- 
put voltage  appears  at  the  grid  of  tube  5-A,  the  tube 
becomes  conducting  and  produces  a voltage  drop 
across  R.  With  the  input  attenuators  in  the  receiver 
section  properly  set,  the  drop  across  R causes  the 
needle  of  the  input-amplitude  meter,  connected  across 
R,  to  deflect  to  some  standard  value.  This  meter  read- 
ing remains  constant  for  a certain  period  of  time  be- 
cause there  is  no  discharge  path  for  the  voltage  across 
C,  tube  5-B  being  cut  off  by  its  bleeder-resistance  con- 
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PULSE  LENGTH  OF  INPUT  PING  IN  MILLISECONDS 

Figure  8.  Receiver  resjionse  versus  pulse  length  at  23  kc. 


nection  to  B3  + . At  some  later  time,  when  the  dynamic 
monitor  transmits  an  echo,  a positive  pulse  is  applied 
to  the  grid  of  tube  5-B,  so  that  it  conducts  and  there- 
by discharges  capacitor  C.  The  needle  of  the  input- 
amplitude  meter,  therefore,  returns  to  zero  1 to  4 sec 
after  a ping  signal  deflects  it,  depending  on  the  set- 
ting of  = 1,  the  echo-range  potentiometer.  (See 
Figure  6.) 

Figure  8 shows  how  the  amplifier  and  peak  volt- 
meter circuit  responds  to  different  pulse  lengths  at  a 
frequency  of  23  kc.  Figure  9 is  a graph  of  the  fre- 
quency response  of  the  amplifier  and  peak  voltmeter 
circuit. 

Echo  Range  and  Echo  Length  Section 

The  input  ping  signal  is  brought  in  parallel  from 
the  grid  of  tube  4 and  applied  to  the  grid  of  tube  7 (see 
Figure  5).  After  amplification  by  tube  7,  the  input 
signal  is  rectified  by  the  second  half  of  tube  6 and  used 
to  charge  the  0.0005-p,f  condenser  connected  between 
the  second  cathode  of  tube  6 and  ground.  The  recti- 
fied ping  signal  gives  a positive  pulse  which  is  used  to 
trigger  tube  9,  the  echo-range  tube. 

Prior  to  this  action,  triode  9-B  (see  Figure  10)  is 
conducting,  since  its  grid  is  at  zero  potential  with 
respect  to  its  cathode.  Triode  9- A is  nonconducting, 
since  its  grid  is  at  —37  v.  When  the  positive  pulse 
arrives,  triode  9-A  conducts  immediately  so  that  the 
voltage  at  point  A (Figure  10)  drops  suddenly.  The 
voltage  at  point  B drops  at  the  same  time,  through 
the  action  of  the  6-/xf  condenser.  Thus  the  current 
flow  in  triode  9-B  is  cut  off.  The  voltage  at  the  plate 
of  9-B  then  rises,  thereby  raising  the  potential  of  the 
grid  of  triode  9-A. 

Triode  9-A  is  now  conducting,  while  9-B  is  cut  off. 
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Figure  9.  Frequency  response  of  receiving  section. 


CONFIDENTIAL 


PRINCIPLES  OF  OPERATION 


20 


Figure  10.  Circuit  of  echo-range  tube  (lube  9). 


Because  the  potential  at  point  B is  well  below  that  at 
point  C,  current  flows  through  the  grid  resistor  to 
charge  the  6-/xf  condenser.  As  soon,  however,  as  the 
potential  at  B has  increased  sufficiently  so  that  the 
grid  potential  is  above  the  cutoff  value,  triode  9-B 
again  becomes  conducting,  and  the  plate  voltage  of 
9-B  is  lowered.  Thereby  the  potential  at  the  grid  of 
9-A  is  decreased  to  such  an  extent  that  this  triode  is 
cut  off.  Hence,  the  condition  of  tube  9,  which  is  called 
a “flip-flop”  tube,  is  now  the  same  as  it  was  before  the 
pulse  arrived. 

The  length  of  the  square  voltage  pulse  at  the  plate 
of  triode  9-A  is  varied  by  changing  the  resistance  be- 
tween points  B and  C.  The  time  length  of  the  pulse 
corresponds  to  the  delay  time  of  the  dynamic  monitor 
echo.  The  square  voltage  pulse  from  the  plate  of 
triode  9-A  is  used  to  supply  the  positive  pulse  input 
for  tube  5-B,  which  acts  to  discharge  the  capacitance 
C in  the  peak  voltmeter  circuit.  This  pulse  is  also  fed 
to  the  grid  of  the  echo-length  tube  10,  through  a 0.001- 
fxi  condenser  with  a 0.25-megohm  ground  return.  The 
action  of  such  a series  combination  is  sometimes  de- 
scribed as  a differentiation  process,  since  Ej^  (the  volt- 
age across  a resistor  R),  is  approximately  equal  to  the 

(IE 

time  derivative  of  E,  or  E^^  RC  -jj.  This  is  true  as 

the  impedance  of  C is  large  compared  to  that  of  R, 
over  the  frequency  range  involved. 

Echo-length  tube  10  is  another  flip-flop  tube.  Across 


its  grid  resistor  appear  short  negative  and  positive 
voltage  pulses  resulting  from  the  differentiated  square 
wave  from  tube  9-A.  The  negative  pulse  has  no  effect, 
since  the  tube  is  already  well  beyond  cutoff.  The  posi- 
tive pulse  that  comes  at  the  end  of  the  time  delay  trig- 
gers tube  10  so  that  a short  negative  square  pidse 
appears  at  the  plate  of  the  first  half  of  the  tube  (see 
Figure  6).  A positive  square  pulse  of  the  same  time 
length  appears  at  the  plate  of  the  second  half  of  the 
tube.  The  length  of  this  pulse,  which  determines  echo 
length,  is  controlled  by  the  variable  resistor  con- 
nected to  the  grid  of  the  second  half  of  the  tube.  Both 
the  echo-range  and  the  echo-length  calibrations  are 
only  approximate.  The  two  pulses  generated  by  tube 
10  are  used  to  actuate  switching  tube  11.  (See  “Trans- 
mitter Section.”) 

Transmitter  Section 

The  transmitter  section  (see  Figure  6)  furnishes, 
after  a suitable  time  delay  corresponding  to  range, 
the  outgoing  synthetic  echo,  the  pulse  length  of  which 
is  controllable.  The  sequence  of  circuit  components 
is  (1)  the  second  half  of  tube  12,  the  oscillator  tube, 

(2)  the  first  half  of  tube  12,  which  acts  as  a buffer  tube, 

(3)  the  switching  tube  1 1 (see  below),  (4)  the  output 
attenuators,  which  are  ganged  with  the  input  attenua- 
tor as  previously  described,  (5)  the  cathode-follower 
tube  13,  (6)  the  calibrate  potentiometer,  (7)  the 
figure-of-merit  attenuator,  (8)  the  amplifier  tube  14, 
(9)  the  output  transformer,  (10)  the  balancing  net- 
work (see  below),  and  (11)  the  hydrophone  connected 
to  the  input-output  plug.  The  frequency  response  of 
the  transmitter  section  is  given  in  the  graph  of  Fig- 
ure 1 1 . 

Switching  Tube.  The  switching  tube  11  operates 
as  an  electronic  switch,  turning  on  and  off  the  output 
of  the  transmitter  oscillator  tube  12.  This  action  is 
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Figure  11.  Frequency  response  of  transmitter  section. 
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Figure  12.  Switchiiig  tube  circuit. 


initiated  by  the  positive  and  negative  pulses  gener- 
ated by  tube  10  in  the  echo  range  and  echo  length 
section.  In  this  manner  an  r-f  signal  of  the  desired 
length  and  time  delay  is  made  to  appear  at  the  output 
terminals  of  the  dynamic  monitor. 

Before  tube  1 1 switches,  no  signal  output  appears 
at  point  D (see  Figure  12),  even  though  the  oscillator 
output  is  applied  to  the  grid  of  tube  11-A  through 
point  E.  Tube  1 1-A,  used  as  a cathode  follower,  is  cut 
off  with  a cathode  bias  of  115  v because  of  the 
cathode  current  of  normally  conducting  tube  11-B. 


Figure  13.  Balancing  network  circuit. 


RESISTANCE  (R)  IN  OHMS 


Figure  14.  Impedance  {R  -f  jX)  of  B-19B  transducer 
No.  123  (no  polarizing  current). 

Bleeder  resistances  R-3  and  R-4  put  the  grid  of  triode 
11-B  at  113  V above  ground  so  that  11-B  supplies 
practically  all  the  current  through  the  common  cath- 
ode resistor.  When  the  positive  voltage  pulse  from 
tube  10  arrives  at  point  F,  it  is  applied  to  the  grid  of 
the  cathode  follower  11-A.  This  pulse  has  sufficient 
amplitude  to  overcome  the  bias  and  to  allow  a signal 
from  the  oscillator  to  pass  through  to  the  output 
point  D.  The  simultaneous  negative  pulse  at  H cuts 
off  tube  11-B  and  the  d-c  current  through  the  cathode 
resistor  remains  unchanged.  The  bleeder  resistances 
R-3  and  R-4  may  be  adjusted  so  that  no  d-c  pulse  ap- 
pears at  the  common  cathode  point.  While  tube  11-A 
is  conducting,  the  signal  on  its  grid  appears  at  D. 
Thus  a pulse  of  signal  is  produced  equal  in  length  to 
the  d-c  pulse  but  without  a d-c  component. 

Balancing  Network.  The  purpose  of  the  balancing 
network  is  to  prevent  the  transmitted  echo  from  en- 
tering the  receiving  section  in  spite  of  the  fact  that  the 
transducer  terminals  are  connected  to  both  the  receiv- 
ing section  and  the  transmitting  section  of  the  dy- 
namic monitor  at  all  times. 

To  achieve  this,  a circuit  is  so  arranged  that  an  echo 
voltage  Eq  applied  to  the  transducer  has  no  effect  on 
the  receiving  circuit.  With  reference  to  Figure  13,  the 
impedance  between  points  A and  ground  must  be 
the  same  via  point  B and  the  transducer  as  via  point  C 
and  the  balancing  network.  If  this  condition  holds, 
the  echo  pulse  E^  will  produce  a voltage  at  B that  is 
equal  in  magnitude  and  phase  to  the  voltage  at  C. 
The  net  voltage  E^  across  the  primary  of  the  receiver 
transformer  will  therefore  be  zero  when  the  monitor 
transmits,  and  no  signal  will  reach  the  point  D in  the 
secondary  circuit  of  the  transformer. 
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Figure  15.  Network  to  balance  transducer  impedance  at 

two  frequencies. 

In  the  ideal  case,  the  impedance  of  the  balancing 
network  would  be  equal  to  the  transducer  impedance 
at  all  frequencies  of  practical  interest.  Values  for  the 
equivalent  series  resistance  and  reactance  of  trans- 
ducer B-19B  No.  123,  at  different  frequencies,  are 
given  by  the  graph  of  Figure  14.  In  practice  it  is  not 
possible  to  match  the  impedance  of  the  transducer 
with  a balancing  network  shown  except  by  using  an- 
other B-19B  unit.  It  is  possible,  however,  to  design  a 
network  having  an  impedance  that  matches  the  trans- 
ducer impedance  at  two  different  frequencies.  Such  a 
network  is  shown  by  Figure  15.  The  components  of 
this  network  have  values  such  that  its  impedance  Z is 
equal  to  the  transducer  impedance  at  two  selected  fre- 
quencies. Since  the  frequency  at  which  the  dynamic 
monitor  transmits  may  vary  from  17.6  to  29.0  kc,  the 
inrermediate  frequencies  of  20.5  and  26.0  kc  are 
chosen  as  the  ones  at  which  the  network  impedance 
is  to  match  the  transducer  impedance. 


FREQUENCY  IN  KQ  OF  E,(  I VOLT ) 

Figure  16.  Performance  of  balancing  network. 


The  solution^  provides  the  following  results:  R = 
23.4  ohms,  = 173.0  ohms,  L = 0.123  mh,  and 

= 0.338  mh. 

The  performance  of  the  balancing  network  con- 
structed with  components  having  the  values  listed 
above  is  indicated  by  the  graph  of  Figure  16.  At  the 
particular  frequencies  of  20.5  and  26.0  kc,  the  ratio  of 
£p/£o  has  the  values  of  —80  and  —82  db,  respectively. 

Loudspeaker  Section 

The  difference  frequency  of  the  input  ping  and  the 
oscillator-output  echo  is  fed  to  the  loudspeaker  cir- 
cuit in  the  following  manner:  a 2.5-v  signal  from 
the  oscillator  is  applied  continuously  to  the  suppres- 
sor grid  of  tube  3,  in  the  receiving  section.  (See  Figure 
6.)  Tube  3,  accordingly,  functions  as  a mixer  tube  as 
well  as  an  amplifier.  When  an  input  ping  signal  ap- 
pears, the  output  of  tube  3 contains  four  frequency 
components:  (1)  a high-level  signal  of  input  frequency 
/i,  (2)  a low-level  signal  of  oscillator  frequency  fo,  (3)  a 
low-level  signal  of  frequency  (/i  — fo),  and  (4)  a low- 
level  signal  frequency  (/i  -f  /o).  Part  of  this  output  is 
used  to  produce  a reading  on  the  input-amplitude 
meter  via  tubes  4-A,  6,  and  5-A.  Only  the  signal  level 
of  the  input  frequency  is  effective  in  producing  this 
reading,  since  the  levels  of  the  other  three  frequency 
components  are  too  low.  All  four  components  are  also 
applied  to  tube  4-B,  which  is  followed  by  a low-pass 
filter,  a stage  of  amplification  (tube  8),  and  the  loud- 
speaker. The  low-pass  filter  rejects  the  three  high- 
frequency  components  and  allows  only  the  signal  of 
frequency  (/i  — fo)  to  reach  tube  8,  a beam-power 
amplifier.  The  output  of  tube  8 is  fed  to  the  loud- 
speaker through  an  audio-frequency  transformer.  In 
adjusting  the  echo  frequency  of  the  dynamic  monitor, 
the  oscillator  frequency  is  varied  until  a zero  beat  is 
obtained  from  the  loudspeaker  during  a ping.  In  this 
manner  the  output  frequency  is  made  equal  to  the  in- 
put frequency. 

Cathode-Ray  Tube  Section 

The  cathode-ray  tube  section  (see  Figure  6)  consists 
of  an  amplifier  for  the  vertical  deflection  plates  and 
sweep  and  amplifier  circuits  for  the  horizontal  plates. 

A mplifier  for  Vertical  Plates.  A signal,  either  input 
ping  or  output  echo  depending  on  the  position  of  the 
input-output  switch,  is  fed  to  the  grid  of  tube  15,  the 
first  amplifier  tube  (see  Figure  17).  Triode  16-A 
forms  the  second  amplifying  stage.  Triode  16-B  is 
used  with  a high-impedance  output  circuit  to  obtain 
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two  signal  voltages  of  equal  magnitude  but  opposite 
phase.  The  equal  plate  and  cathode  resistors  of  50,000 
ohms  make  the  signal  voltages  at  points  A and  B 
equal  in  magnitude,  and  the  phase  inversion  puts 
them  180  degrees  out  of  phase.  The  triode  provides  a 
high  gain,  functioning  as  cathode  follower  and  linear 
amplifier. 

Sxueep  Circuit.  1 he  linear  sweep  for  the  horizontal 
deflection  plates  is  obtained  from  a sawtooth  gen- 
erator of  standard  type  using  a condenser  and  a gas- 
discharge  tube.  Tube  18  (see  Figure  6),  the  sweep  cir- 
cuit oscillator,  is  followed  by  ampliher  tube  17.  Two 
sweep  rates  are  provided:  a fast  sweep  for  frequencies 
ranging  from  2 to  10  kc,  and  a slow  sweep  for  fre- 
quencies from  about  7 to  125  c.  The  synchronizing 
voltage  for  the  fast  sweep  is  obtained  either  from  the 
grid  circuit  of  tube  3 in  the  receiver  section  or  from 
the  secondary  of  the  output  transformer,  depending 
upon  the  position  of  the  input-output  switch.  The 
synchronizing  voltage  for  the  slow  sweep  comes  from 
a point  (marked  XX  in  Figure  6)  at  the  plate  of  the 
second  triode  of  tube  9,  the  echo-range  tube.  In  a 
previous  discussion  it  was  shown  that  a long,  square, 
positive  voltage  pulse  (see  Figure  10)  is  generated  at 
this  point  when  an  input  ping  enters  the  receiving 
section  of  the  dynamic  monitor.  By  differentiating 
this  long,  positive  pulse  through  a capacitance  and 
resistance  in  series,  a short  positive  pulse  is  applied 
to  the  grid  of  the  sweep  oscillator,  tube  18.  The  tube 
is  thereby  discharged  and  a horizontal  sweep  of  the 
electron  beam  is  started  across  the  screen  of  the 
cathode-ray  tube.  In  this  manner  the  input  ping  and 
the  horizontal  sweep  are  synchronized.  No  synchro- 
nizing voltage  is  provided  for  the  output  echo  when 
the  slow  sweep  is  used. 

Anode  Power  Supplies 

The  unregulated  anode  power  supply  (see  Fig- 
ure 6)  consists  of  a full-wave,  high-vacuum  rectiher 
with  a center- tapped  transformer  and  a condenser- 
input  filter  system.  The  360  v furnished  by  this  sup- 
ply provide  the  power  for  tube  14,  the  transmitter 
output  tube,  and  for  tube  8,  the  power  amplifier  for 
the  loudspeaker.  A high  plate  voltage  is  required  for 
tube  14  to  produce  the  necessary  power  output. 

The  unregulated  voltage  of  285  v is  obtained 
from  a resistance-condenser  filter  which  follows  the 
condenser-input  filter.  (See  Figure  6.)  This  voltage 
supplies  the  d-c  power  for  tubes  15,  16,  17,  and  18  in 
the  cathode-ray  tube  circuit;  for  tubes  7,  9,  and  10  in 


Figure  17.  Amplifier  circuit  for  vertical  plates  of  CR 

tube. 

the  pulse-forming  circuit;  and  for  the  second  triode 
of  tube  4,  an  ampliher  in  the  loudspeaker  circuit. 
None  of  these  tubes  requires  a regulated  power 
supply. 

The  regulated  .63+  voltage  of  210  v is  provided 
by  an  electronic  voltage-stabilizer  circuit  which  is  fed 
by  the  unregulated  hltered  B^^  supply.  The  function 
of  the  stabilizer  circuit  is  to  furnish  an  output  voltage 
(ZI3+)  substantially  independent  of  variations  either 
in  its  load  impedance  or  in  the  d-c  input  voltage  B^  + , 
which  may  fluctuate  because  of  an  a-c  supply  varia- 
tion. This  circuit  employs  the  series-regulating  tube 
22,  the  control  tube  23,  and  the  glow-discharge  tube  24. 
The  regulated  B3+  voltage  is  used  to  supply  the  d-c 
power  for  all  the  tubes  in  the  receiving  section,  in  the 
peak  voltmeter  circuit,  and  in  the  transmitting  sec- 
tion (except  tube  14). 

The  cathode-ray  tube  has  its  own  anode  power 
supply  (see  Figure  6)  consisting  of  a half-wave  rectifier 
and  a resistance-condenser  filter  to  provide  a negative 
voltage  of  940  v. 

2.3.2  Figure-of-Merit  Determination 

When  calibrations  and  adjustments  have  been 
made,  the  dynamic  monitor  is  ready  for  a figure-of- 
merit  determination.  To  make  such  a measurement, 
the  figure-of-merit  attenuation  is  decreased  until  the 
operator  of  the  echo-ranging  equipment  reports  that 
he  can  just  barely  detect  the  echo  emitted  by  the 
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monitor.  ^Vhen  this  adjustment  has  been  made,  the 
reading  of  the  figure-of-merit  attenuator  is  noted, 
rhe  value  of  the  figure  of  merit  for  the  echo-ranging 
gear  under  test  is  then  given  by  the  relation, 

F.M.  = F+  K + 401ogiod, 

where  I'  = the  reading  in  db  of  the  figure-of-merii 
attenuator, 

K = 75  to  82  db  [see  gra})h  (g)  of  Figure  19], 
(I  = the  distance  in  meters  between  the  center 
lines  of  the  monitor  hydrophone  and  the 
projector  of  the  echo-ranging  ecpiipment. 
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24  DISCUSSION  OF  CONSTANTS 

To  discuss  the  constants  implicit  in  the  figure-of- 
merit  ecpiation,  it  is  convenient  to  rearrange  some  of 
the  relations  which  have  been  developed. 

From  ecpiation  (7), 

[K]  = [A-,]  - [AS], 
or 


60  CYCLE  SUPPLY  VOLTAGE  IN  VOLTS 

Figurk  18.  [Kj]  versus  frequency,  pulse  length,  and  sup 
ply  voltage. 


Here  A'l  is  characteristic  of  the  electronic  unit,^  AS 
characteristic  of  the  monitor  transducer,  and  K char- 
acteristic of  the  dynamic  monitor  as  a whole. 

The  factor  A'l  = \ j the  electronic  unit 

constant,  is  fundamentally  a function  of  impedance, 
and  hence  of  frecpiency.  It  therefore  has  been  investi- 
gated with  respect  to  frecpiency  and  pulse  length 
variations,  and  also  with  respect  to  a-c  power  supply 
voltage  variations.  Since  R is  a pure  resistance  con- 
trol, it  is  essentially  a constant  for  all  variations  of 
frecpiency,  pulse  length,  and  supply  voltage  for  which 
the  dynamic  monitor  was  designed.  Values  of  R yield- 
ing a convenient  round  number  for  the  overall  moni- 
tor constant  A will  be  possible  if  a transducer  is  devel- 
oped that  is  considerably  less  dependent  on  frecpiency 
than  the  present  B-19B  type.  The  B^  and  B^  terms  are 
functions  of  the  impedances  in  the  balancing  net- 
work, which  has  been  described. 

Fhe  variation  of  with  three  parameters  is  shown 
by  the  graphs  of  Figure  18.  From  graph  (a)  it  is  seen 
that  there  is  a change  of  about  1 db  in  the  value  ol 
[A"i]  over  a range  of  frecpiency  from  17  to  29  kc. 
This  change  is  a result  of  the  frecpiency  response  of 
the  balancing  network.  The  variation  of  [Aj]  with 


frecpiency  is  taken  into  account  by  the  proper  selec- 
tion of  the  A = Ki/AS  value  for  a ligure-of-merit  de- 
termination. 

Graph  (b)  of  Figure  18  is  a plot  of  [Aj]  versus  pulse 
length  with  the  frecpiency  of  both  ping  and  echo  held 
constant  at  23  kc.  The  total  change  in  [Aj]  over  a 
range  of  pulse  length  of  from  5 to  130  msec  is  ap- 
proximately 1 db.  Fhis  change  is  also  a result  of  the 
frecpiency  response  of  the  balancing  network.  It  is 
assumed  that  at  frecpiencies  other  than  23  kc  the 
change  is  not  greater  than  1 db.  Since  no  attempt  is 
made  to  take  into  account  the  variation  of  [A^j]  with 
pulse  length,  by  the  proper  selection  of  the  K = 
K^/AS  value  for  a figure-of-merit  determination,  an 
uncertainty  of  ±0.5  db  consequently  enters  the  figure- 
of-merit  determination. 

Graph  (c)  of  Figure  18  shows  the  variation  of  [A^] 
with  power  sup})ly  voltage  at  a frecpiency  of  23  kc  and 
a pulse  length  of  30  msec.  The  change  in  [Aj]  over  a 
range  of  voltage  of  from  1 05  to  1 20  v is  approximately 
0.5  db  and  may  be  slightly  greater  than  the  errors  in- 
volved in  measuring  [A"^].  Since  the  derivation  of  the 
ecpiation  A\  = 1 indicates  that  A^  is  inde- 

pendent of  variations  in  supply  voltage,  it  is  assumed 
that  the  above  change  is  negligible  and  A"i  is  inde- 
pendent of  supply  voltage. 
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Figure  19.  [A],  [S],  [AS],  and  [K]  versus  frequency. 

The  transducer  constant  AS  is  composed  of  the 
factors  A and  S,  both  of  which  vary  considerably  with 
the  frequency  of  the  sound  waves  the  transducer  re- 
ceives or  transmits.  Graphs  (d)  and  (e)  of  Figure  19 
show  the  frequency  relations.  The  data  for  these 
groups  are  compiled  in  Tables  1,  2,  and  3.  In 
gathering  the  data,  transducer  B-19B  No.  123  was 
tested  against  a calibrated  transducer.  Factors  A and 
S also  depend  on  the  azimuth  orientation  of  the  trans- 
ducer. This  is  indicated  by  the  graphs  where  the 
heavy  central  line  is  drawn  for  an  orientation  of  aver- 
age sensitivity,  the  upper  and  lower  lines  for  maxi- 
mum and  minimum  sensitivity.  Graph  (f)  is  plotted 
as  the  sum  of  [A]  and  [S].  Because  the  transducer 
emits  most  strongly  in  the  direction  for  which  it  is 
most  sensitive,  the  variations  of  [A]  and  [5]  with 


orientation  must  be  added  to  obtain  the  variation  of 
[zI5].  Since  no  attempt  is  made  to  orient  the  monitor 
transducer  in  any  particular  direction  when  making 
a figure-of-merit  measurement,  these  variations  intro- 
duce an  uncertainty  into  the  value  of  [^5].  Graph  (f) 
of  Figure  19  shows  that  the  uncertainty  ranges  from 
±0.3  to  ±2.2  db,  depending  upon  the  frequency. 

The  factor  [K],  the  constant  characteristic  of  the 
dynamic  monitor  as  a whole,  is  shown  as  a function  of 
frequency  in  graph  (g)  of  Figure  19.  Graph  (g)  is  a 
plot  of  [A^]  = [A"i]  — [^S],  obtained  by  combining 
graph  (f)  with  graph  (a).  The  variations  associated 
with  the  azimuth  orientation  of  the  monitor  trans- 
ducer are  carried  down.  The  variation  in  [A]  for  an 
orientation  of  average  sensitivity  amounts  to  7.6  db 
over  a frequency  range  of  from  17  to  29  kc;  the 
uncertainty  associated  with  the  azimuth  orientation 
of  the  transducer  ranges  from  ±0.3  to  ±2.2  db,  de- 
pending upon  the  frequency. 

In  the  final  equation  for  the  figure  of  merit, 

F.M.  = [F]  + [A]  -f  [d2], 
or 

+ [(is)  (erbi)] + 

The  development  of  the  above  equation  shows  that 
a figure-of-merit  determination  is  independent  of  all 
factors  entering  the  derivation  of  the  equation  except 
F,A,S,  R,  d,  and  B2.  Fluctuations  in  the  receiving 
and  transmitting  channel  characteristics,  represented 
by  G-1  and  G-2  in  Figure  4,  because  of  tube  aging, 
frequency  response,  changes  in  power  supply  voltage, 
etc.,  cancel  out  in  the  calibrating  process.  Nor  do 
changes  in  the  oscillator  voltage  e (see  Figure  4), 
resulting  from  day-to-day  inconstancies  in  power  sup- 
ply voltage  or  oscillator  characteristics,  affect  the 
figure-of-merit  value.  F represents  the  setting  of  the 
figure-of-merit  attenuator;  A and  5,  calibrated  con- 
stants characteristic  of  the  monitor  transducer;  R,  a 
pure  resistance  control;  d,  the  distance  separating  the 
monitor  transducer  and  the  sonar  projector;  B^  and 
B2,  balancing  network  amplifications.  The  balancing 
network  consists  of  several  coils,  resistors,  and  a trans- 
former. Only  changes  with  time  in  any  of  these  factors 
will  affect  figure-of-merit  measurements,  once  a pre- 
cise calibration  of  the  dynamic  monitor  is  made.  A 
precise  calibration  consists  of  determining  the  factor 
[A]  as  a function  of  frequency. 
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Table  1.  Characteristics  of  R-19B  No.  123  Magnetostriction  Transducer. 


Frequency, 

kc 

Open  circuit 
sensitivity, 
dh  vs  1 V 
per  dyne/cm2 

Terminated 
sensitivity, 
dh  vs  1 v 
per  dyne/cm2 

Variation  in 
horizontal  pattern, 
dh 

+ — Total 

Average 

sensitivity 

.4,dh 

Sound  pressure 
at  1 m 

driving  at  1 v 
dh  vs  1 dyne/cm2 

Average 

sound 

S,dh 

17 

-117.3 

-121.2 

2.2 

0 

2.2 

-120.1 

26.1 

27.2 

18 

-116.0 

-119.9 

1.7 

0.2 

1.9 

-119.0 

24.9 

25.6 

19 

-115.3 

-119.3 

0.8 

0.1 

0.9 

-119.0 

28.0 

28.4 

20 

-116.6 

-120.7 

0.7 

0 

0.7 

-120.4 

28.7  • 

29.0 

21 

-115.4 

-119.6 

0.3 

0 

0.3 

-119.4 

28.4 

28.6 

22 

-115.2 

-119.4 

0.9 

0 

0.9 

-119.0 

28.4 

28.8 

23 

-114.7 

-118.9 

1.3 

0 

1.3 

-118.2 

28.1 

28.8 

24 

-113.8 

-118.0 

0.8 

0 

0.8 

-117.6 

29.5 

29.9 

25 

-112.2 

-116.4 

0.5 

0.2 

0.7 

-116.2 

29.7 

29.8 

26 

-115.1 

-119.3 

1.5 

0 

1.5 

-118.6 

31.2 

32.0 

27 

-115.9 

-120.1 

1.2 

0.2 

1.4 

-119.6 

29.6 

30.1 

28 

-116.5 

-120.6 

2.1 

0 

2.1 

-119.6 

28.1 

29.2 

29 

-115.0 

-119.1 

1.0 

0 

1.0 

-118.6 

28.8 

29.3 

Table  2.  Characteristics  of  B-19B  No.  123  Magnetostriction  Transducer. 


Frequency, 

kc 

Average 

sensitivity 

/l,db 

Maximum 

sensitivity 

/i,dh 

Minimum 

sensitivity 

A,db 

Average 
sound 
pressure 
S,  dh 

Maximum 

sound 

pressure 

S,  dh 

Minimum 

sound 

‘pressure 

S,  dh 

Average 
AS,  dh 

Maximum 

JS,db 

Minimum 
AS,  dh 

17 

-120.1 

-119.0 

-121.2 

27.2 

28.3 

26.1 

-92.9 

-90.7 

-95.1 

18 

-119.0 

-118.2 

-119.7 

25.6 

26.6 

24.7 

-93.4 

-91.5 

-95.3 

19 

-119.0 

-118.5 

-119.4 

28.4 

28.8 

27.9 

-90.6 

-89.7 

-91.5 

20 

-120.4 

-120.0 

-120.7 

29.0 

29.4 

28.7 

-91.4 

-90.7 

-92.1 

21 

-119.4 

-119.3 

-119.6 

28.6 

28.7 

28.4 

-90.8 

-90.5 

-91.1 

22 

-119.0 

-118.5 

-119.4 

28.8 

29.3 

28.4 

-90.2 

-89.3 

-91.1 

23 

-118.2 

-117.6 

-118.9 

28.8 

29.4 

28.1 

-89.4 

-88.1 

-90.7 

24 

-117.6 

-117.2 

-118.0 

29.9 

30.3 

29.5 

-87.7 

-86.9 

-88.5 

25 

-116.2 

-115.9 

-116.6 

29.8 

30.2 

29.5 

-86.4 

-85.7 

-87.1 

26 

-118.6 

-117.8 

-119.3 

32.0 

32.7 

31.2 

-86.6 

-85.1 

-88.1 

27 

-119.6 

-118.9 

-120.3 

30.1 

30.8 

29.4 

-89.5 

-88.1 

-90.9 

28 

-119.6 

-118.5 

-120.6 

29.2 

30.2 

28.1 

-90.4 

-88.3 

-92.5 

29 

-118.6 

-118.1 

-119.1 

29.3 

29.8 

28.8 

-89.3 

-88.3 

-90.3 

Table  3.  Values  of  Monitor  Constant  (K). 


Frequency, 

kc 

Electronic 
unit  constant 

K^,dh 

Average 

monitor 

constant 

K,  dh 

Minimum 

monitor 

constant 

K,  dh 

Maximum 

monitor 

constant 

K,  dh 

Uncertainty 
in  monitor 

constant 

K,db 

17 

-11.0 

81.9 

79.7 

84.1 

2.2 

18 

-11.0 

82.4 

80.5 

84.3 

1.9 

19 

-11.1 

79.5 

78.6 

80.4 

0.9 

20 

-11.2 

80.2 

79.5 

80.9 

0.7 

21 

-11.2 

79.6 

79.3 

79.9 

0.3 

22 

-11.4 

78.8 

77.9 

79.7 

0.9 

23 

-11.5 

77.9 

76.6 

79.2 

1.3 

24 

-11.4 

76.3 

75.5 

77.1 

0.8 

25 

-11.6 

74.S 

74.1 

75.3 

0.7 

26 

-11.7 

74.9 

73.4 

76.4 

1.5 

27 

-11.7 

77.8 

76.4 

79.2 

1.4 

28 

-12.1 

78.3 

76.2 

80.4 

2.1 

29 

-12.1 

77.2 

76.0 

78.2 

1.0 
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25  ACCURACY  OF  SYSTEM 

Accuracy  of  Figure-of-Merit  Determinations 

In  estimating  the  accuracy  of  a given  figure  of 
merit,  it  is  necessary  to  examine  the  reliability  of  all 
the  factors  that  enter  into  its  determination.  The 
equation  for  the  figure  of  merit  is 

F.M.  = [F]  + [K]  + [d2], 

all  factors  being  expressed  in  decibels.  In  the  follow- 
ing paragraphs,  the  uncertainties  in  each  of  the  fac- 
tors F,  K,  and  d are  discussed  in  turn. 

The  adjustment  of  the  calibrate  potentiometer  is 
assumed  to  be  sufficiently  fine  so  that  any  uncertainty 
on  its  account  may  be  neglected.  Because  the  smallest 
step  on  the  receiving-channel  attenuator  is  2 db,  an 
uncertainty  of  ±1  db  is  involved  in  its  setting.  Be- 
cause of  the  2-db  steps  on  the  figure-of-merit  attenua- 
tor, a further  uncertainty  of  ±1  db  is  introduced  by 
its  setting.  The  total  uncertainty  to  be  assigned  to  the 
factor  [F]  is  therefore  ±2  db. 

To  make  a figure-of-merit  determination,  it  is  nec- 
essary to  select  the  value  of  [F]  from  graph  (g)  of  Fig- 
ure 19,  since  it  is  dependent  upon  the  frequency.  The 
adjustment  of  the  calibrate  potentiometer  is  again 
assumed  to  be  sufficiently  fine  so  that  any  uncertainty 
on  its  account  may  be  neglected.  The  maximum  un- 
certainty associated  with  the  azimuth  orientation  of 
the  monitor  transducer  is  ±2.2  db.  Since  no  attempt 
is  made  to  take  into  account  the  variation  of  the  fac- 
tor [A\]  = [A]  -f  [^S]  with  pulse  length,  an  uncer- 
tainty of  ±0.5  db  consequently  enters  the  figure-of- 
merit  determination. 

There  may  be  an  uncertainty  of  about  5 cm  in  the 
value  of  d,  the  last  item  in  the  figure-of-merit  equa- 
tion. In  the  worst  possible  case,  that  is,  when  d is  as 
small  as  3 m,  the  uncertainty  in  [d-]  amounts  to  about 
0.3  db.  At  10  m,  the  uncertainty  is  about  0.1  db. 

The  table  below  summarizes  all  the  significant  un- 
certainties discussed  above. 


Source 

Uncertainty 

[F] 

— attenuator  settings 

±2.0  db 

[K] 

— transducer  orientation 

±2.2  db 

[A] 

— pulse  length 

±0.5  db 

[d2] 

— distance 

±0.3  db 

Total  ±5  db 

A figure-of-merit  measurement  may  therefore  be 
considered  correct  to  within  ±5  db  in  so  far  as  the 
uncertainties  discussed  are  concerned.  The  total  un- 
certainty of  ±5  db  is  to  be  expected  under  unfavor- 
able conditions.  In  actual  tests,  figure-of-merit  values 
of  a particular  sonar  equipment  were  repeated  for 
different  conditions  within  2 db. 

Accuracy  in  Determining  Ping  Pressure 

Although  the  dynamic  monitor  was  designed  to 
measure  the  figure  of  merit  of  sonar  equipment,  it 
may  also  be  used  to  determine  approximately  the 
value  of  Pf,,  the  ping  pressure  at  1 m from  the  sonar 
projector.  The  possible  uncertainties  that  enter  into 
this  determination  are  listed  below. 

From  the  equations  developed  in  the  theory,  it  fol- 
lows that 


The  uncertainties  associated  with  the  various 

factors 

in 

this  equation  are  as  follows: 

input-amplitude  meter  reading 

0.0  db 

receiving-channel  attenuator  setting 

±1.0  db 

d 

distance 

±0.1  db 

and  receiver  and  balancing  network 

frecjuency  response 

±2.5  db 

and  Gj  receiver  and  balancing  network 

pulse  length  response 

±1.0  db 

supply  voltage  vs  receiver-gain  response 

±0.5  db 

A 

transducer  orientation 

±1.1  db 

Total 

±6.2  db 

The  uncertainty  in  the  value  of  a P^  determination 
is  therefore  ±6.2  db.  AVhen  two  sonar  equipments  of 
ping  pressures  Po-i  and  P0-2  respectively  are  com- 
pared under  dissimilar  conditions  of  operation,  the 
total  uncertainty  involved  in  such  a comparison 
amounts  to  ±12.4  db. 

An  uncertainty  of  ±5.4  db  obtains,  however,  when 
the  ping  pressures  of  two  sonar  equipments  are  being 
compared  under  like  conditions  of  pulse  length  and 
frequency. 

Noise  Level  Limitation 

The  noise  level  inherent  in  the  transmitter  design 
limits  the  transmitter  attenuation  to  approximately 
76  db.  For  example,  with  the  input-amplitude  atten- 
uators set  at  0 db  (the  ganged  output  attenuators 
being  then  automatically  at  60  db),  the  transmitter 
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signal  level  approaches  the  transmitter  noise  level  at 
a figiire-of-inerit  attenuation  of  16  dl).  As  the  output 
attenuation  is  decreased,  the  ligure-ol-nierit  attenua- 
tion may,  of  course,  he  increased.  I'he  following  tal)le 
lists  the  possible  figure-of-merit  attenuations  for  dif- 
ferent input-output  attenuations. 


Input 

attenuation 

Output 

atteuualiou 

Figine-of-iucrit 

attenuation 

Otlb 

60  dl) 

0-  16  db 

9 

58 

0—  18 

4 

5() 

0-20 

6 

54 

0-22 

8 

52 

0 - 24 

10 

50 

0-26 

12 

48 

0-28 

14 

46 

0-30 

16 

44 

0-32 

18 

42 

0 - 34 

20 

40 

0 - 36 

22 

38 

0-38 

In  practice  this  limitation  of  the  dynamic  monitor 
is  of  no  serious  consecpience.  By  increasing  the  dis- 
tance between  the  hydrophone  and  the  echo-ranging 
projector,  a combination  of  attenuations  may  alwa)s 
be  found  that  circumvents  the  noise  level  limitation. 

26  PERFORMANCE  FIGURES 

In  this  section  several  sets  of  dynamic  monitor 
results  are  given  together  with  sample  conclusions 
drawn  from  them  with  regard  to  the  performance 
characteristics  of  the  gear  under  the  si)ecilic  test 
conditions. 

In  the  table  belcjw  are  listed  the  results  of  two  tests 


that  illustrate  the  use  of  the  dynamic  monitor  in 
determining  changes  in  the  overall  functioning  of 
one  echo-ranging  system,  QH  Model  II. 

Echo-ranging 

gear 

Location 

Date 

Figurc-of-incrit 

\’isual  Audio 

channel  channel 

QH  Model  II 
with  sea  water 
in  the  projector 

On  PY31  at 

New  London 
dock  1 

1-8-44 

131  db 

145  db 

QH  Model  II 
with  dry  pro- 
jector 

On  PY31  at 

New  London 
dock  1 1 

1-19-44 

142db 

152  db 

On  November  8, 1941,  sea  water,  which  had  entered 
the  projector  through  cracks  in  the  weld  around  the 
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I'lcuRi.  20.  Figure  of  merit  versus  range  for  ^VFA-l  echo- 

ranging  gear  aboard  ihc  Aide  de  Cam j[)  in  Boston  Harbor, 

projector  supporting  column,  was  present  around  a 
j)hig  located  inside  the  transducer  assembly.  Between 
that  date  and  November  19  the  })rojector  was  re- 
moved, dried  out,  and  reasseml)led  so  that  it  was  in 
normal  operating  condition  on  the  latter  date.  It  is 
apparent  from  the  table  that  the  change  in  the  figure 
of  merit  for  both  the  \isual  channel  and  the  audio 
channel  indicates  an  impro\'ement  in  the  operation 
of  the  QH  Model  II  after  the  removal  of  the  sea  water 
from  the  projector.  It  is  interesting  to  note  that  the 
audio  channel  of  this  echo-ranging  gear  can  detect  an 
echo  intensity  about  10  db  lower  than  the  visual 
channel. 

Figure  of  Merit  Versus  Range 

On  June  27,  1944,  the  echo-ranging  equipment 
A\'EA-1  on  the  Aide  de  Camp,  a boat  of  the  Harvard 
Underwater  Sound  Laboratory,  was  tested  while  the 
Aide  de  Camp  was  at  its  Boston  dock.  Measurements 
of  the  figure  of  merit  were  made  for  different  echo 
ranges  to  determine  the  effect  of  reverberation.  The 
graph  of  Figure  20  shows  the  figure-of-merit  values 
obtained  when  the  range  was  varied  at  which  the 
dynamic  monitor  injected  its  synthetic  echo. 

From  (he  graph  it  may  be  deduced  that  the  level 
of  reverberation  was  appreciably  higher  at  600  yd 
than  beyond  1,600  yd.  Since  the  ping  pressure  re- 
mained constant  throughout  the  test,  it  follows  that 
the  28-db  difference  in  the  figures  of  merit  for  600 
yd  and  for  1,600  yd  is  a measure  of  the  difference 
in  the  intensities  of  the  minimum  detectable  echo  for 
the  two  ranges,  ft  also  follows  that  for  ranges  of  from 
1,600  to  2,400  yd  some  other  factor  determines  the 
lower  limit  of  the  minimum  echo  and  therefore  the 
ujiper  limit  of  the  figure  of  merit.  In  most  cases,  the 
effect  of  reverberation  at  a particular  locality  may  be 
eliminated  by  measuring  the  figure  of  merit  at  ranges 
of  from  2,000  to  3,000  yd. 
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SPEED  OF  CYTHERA  IN  KNOTS 


Figure  21.  Figure  of  merit  (audio  channel)  versus  speed 
for  QH  Model  II  aboard  the  USS  Cythera  (PY31)  in  90  ft 
of  water. 

Figure  of  Merit  Versus  Ship’s  Speed 

On  November  20,  1944,  a test  was  made  to  deter- 
mine the  effect  of  ship’s  speed  on  the  performance  of 
an  echo-ranging  gear.  The  figure  of  merit  of  QH 
Model  If  was  measured  at  five  different  speeds  of  the 
USS  Cythera  (PY31)  in  90  ft  of  water.  The  dynamic 
monitor  injected  its  synthetic  echo  into  the  ship’s 
installed  monitor  transducer  at  a relative  ship’s  bear- 
ing of  341  degrees  and  a range  of  2,700  yd.  The  QH 
projector  was  operated  without  a dome.  The  results 
of  the  test  are  given  by  the  graph  of  Figure  21. 

At  a speed  of  11  knots  the  figure  of  merit  of  the 
echo-ranging  gear  was  16  db  less  than  at  zero  speed. 
Since  the  ping  pressure  was  not  varied  during  the  test, 
the  decrease  in  the  figure-of-merit  value  signifies  that 
the  intensity  of  the  minimum  detectable  echo  had  to 
be  increased.  This  required  increase  of  echo  intensity 
resulted  from  the  heightened  ambient  noise  level  pro- 
duced by  the  ship’s  screws  and  the  passage  of  the  ship 
through  the  water. 

27  CONCLUSIONS 

In  general,  a large  figure  of  merit  means  that  the 
echo-ranging  gear  is  putting  a comparatively  large 
amount  of  sound  energy  into  the  water,  and  is,  at  the 
same  time,  capable  of  detecting  a comparatively  weak 
echo.  A small  figure  of  merit,  on  the  other  hand, 
usually  indicates  that  the  projector  combines  the 
characteristic  of  a relatively  weak  ping  intensity  with 
that  of  requiring  a somewhat  stronger  echo  in  order 
for  it  to  be  detected.  Clearly  then,  a large  figure  of 
merit  is  to  be  desired  since,  other  things  being  equal, 
the  larger  this  ratio  is,  the  greater  is  the  range  at 
which  the  sonar  gear  is  able  to  detect  the  presence  of 
a target. 


The  figure  of  merit  is  a function  of  all  the  factors 
that  affect  the  intensity  of  the  transmitted  ping  and 
the  intensity  of  the  minimum  detectable  echo.  As  far 
as  the  minimum  echo  is  concerned,  the  deciding  fac- 
tors are  usually  the  ambient  water  noise  level,  the 
character  of  the  reverberation,  and  the  electric  noise 
level  of  the  echo-ranging  gear. 

The  electronic  unit  constant  K,  one  of  the  factors 
in  the  figure-of-merit  determination,  is  not  affected 
by  changes  in  amplification  in  the  local  oscillator, 
tube  aging,  variations  in  the  a-c  power  supply  voltage, 
or  other  circuit  deteriorations,  since  they  are  taken 
care  of  in  the  caliI)ration  process.  The  characteristics 
that  do  enter  this  factor  are  electric  properties  of 
certain  coils,  resistors,  and  the  input  transformer. 
The  frequency  dependence  of  these  is  taken  into 
account  when  the  K factor  is  initially  determined. 
The  constancy  of  this  factor,  therefore,  as  far  as 
the  electronic  unit  is  concerned,  depends  only  on  the 
constancy  of  these  components.  Since  the  other  two 
factors  involved  in  the  figure-of-merit  measurement, 
namely,  the  setting  of  the  figure-of-merit  attenuator 
and  the  distance  between  the  projector  and  trans- 
ducer, are  completely  independent  of  the  electronic 
unit,  it  is  seen  that  in  the  operation  of  the  dynamic 
monitor  the  reliance  on  the  long-term  stability  of  the 
electronic  equipment  is  effectively  eliminated. 

2 8 RECOMMENDATIONS 

The  experimental  model  of  the  dynamic  monitor 
has  not  received  enough  engineering  development  to 
be  utilized  as  a manufacturing  prototype.  A few  spe- 
cific factors  may  be  mentioned  which  should  receive 
attention  during  reconsideration  of  the  unit.  The 
sound  level  produced  by  the  built-in  loudspeaker  is 
not  adequate  and  should  be  increased.  A low-pass 
filter  should  be  incorporated  in  the  loudspeaker  cir- 
cuit in  order  to  eliminate  spurious  signals.  The  out- 
put of  the  monitor  transmitting  channel  should  be 
increased  so  that  attenuation  of  100  db  could  be  em- 
ployed in  this  channel  instead  of  the  present  maxi- 
mum of  76.  Higher  transmitter  output  and  wider 
range  of  attenuation  would  eliminate  the  occasional 
necessity  of  moving  the  monitor  transducer  during 
the  series  of  measurements  in  order  to  avoid  masking 
of  the  echo  by  noise  level  interference  inherent  in  the 
monitor  transmitting  channel.  The  present  mechani- 
cal layout  of  the  electronic  unit  leaves  much  to  be 
desired  from  the  point  of  view  of  accessibility  for 
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repair  and  maintenance.  It  appears  possible  to  make 
changes  in  the  mechanical  assemblies  which  will 
achieve  greater  ease  of  maintenance  without  sacrific- 
ing the  com})actncss  of  the  unit.  I'he  location  of  the 
ganged  input  and  output  attenuators  could  also  be 
changed  with  a beneficial  reduction  in  the  crosstalk 
between  the  transmitting  and  receiving  sections.  If 


the  response  of  the  monitor  transducer  were  suffi- 
ciently uniform  with  frecjuency,  it  would  be  }x)ssible 
to  construct  a dial  plate  for  the  figure-of-merit  atten- 
uator which  could  be  adjusted  for  various  values  of 
distance  d so  that  the  attenuator  woidd  read  figure  of 
merit  directly,  but  this  refinement  has  not  been  built 
into  the  present  model. 
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Chapter  3 

THE  OVERSIDE  NOISE  MONITOR 


OA  Y Sound  Measuring  Equipment 

The  portable  and  rugged  Model  OA  Y sound  meas- 
uring equipment  was  dei>eloped  for  ox>erside  measure- 
ments of  submarine  sound,  and  for  detection  of  ab- 
normally noisy  auxiliaries.  The  apparatus  measures 
sound  pressure  level  over  a dynamic  range  of  110  db 
xoithin  the  frequency  range  from  100  to  20,000  c. 
CUDWR-NLL  assisted  the  Navy  in  OAY  develop- 
ment. 

31  INTRODUCTION 

The  submarine  noise  reduction  program  required 
sound  measurement  equipment  which  could  be 
used  to  determine  acceptable  standards  of  quiet  per- 
formance and  which  would  express  this  calibration 
in  absolute  terms  to  permit  comparison  of  the  re- 
sults obtained  at  different  bases  with  different  ships. 
The  OAY  gear  which  was  developed  tor  this  pro- 
gram comprises  a wide-band  hydrophone  with  a 
flat  response  and  a sound  level  meter  with  provision 
for  various  types  of  monitoring  and  filter  channels. 
It  is  a flexible  measuring  system,  adaptable  to  many 
purposes.  The  equipment  was  made  portable  and 
sufficiently  rugged  for  use  in  the  conditions  to  be 
encountered  in  the  field.  A routine  for  maintaining 
the  equipment  and  checking  the  hydrophone  cali- 
bration was  set  up  to  insure  the  accuracy  of  the 
absolute  sound  level  readings. 

The  OAY  gear  is  chiefly  used  at  submarine  bases 
during  the  installation  of  new  equipment.  A pro- 
cedure was  established  for  making  overside  measure- 
ments of  submarine  noise  during  construction  or 
refitting,  so  that  noisy  auxiliary  machinery  units  can 
be  detected  and  the  trouble  remedied  before  the 
ship  leaves  the  yard.  Overside  measurements  can 
also  be  made  on  submarines  in  commission,  when 
they  are  at  docks,  secured  to  buoys,  anchored,  or 
drifting.  The  OAY  equipment  is  customarily  lo- 
cated aboard  the  surfaced  submarine  and  the  hydro- 
phone is  hung  overboard  at  a standardized  loca- 
tion, as  near  as  possible  to  the  noisy  part  of  the 
auxiliary  machinery  to  be  measured.  Noise  level 
readings  thus  obtained  in  absolute  units  are  com- 


Figure  1.  Model  OAY  sound  measuring  equipment. 


pared  with  the  standard  values  for  acceptable  per- 
formance, as  previously  determined.  These  results 
can  also  be  related  to  the  standard  Navy  200-yd 
measurements. 

Prior  to  the  development  of  the  OAY  gear,  the 
submarine  noise  reduction  program  relied  upon  the 
Model  OR  equipment.  This  apparatus  has  a sharply 
falling  frequency  response  above  1,000  c and  a broad 
peak  near  500  c,  while  the  OAY  has  a response  that 
is  flat  from  100  to  10,000  c and  good  to  20,000  c. 
In  order  to  convert  OR  readings  to  equivalent  OAY 
readings,  it  was  found  that,  in  general,  9 db  could 
be  added  to  the  Model  OR  readings  to  give  sound 
pressure  levels  above  0.0002  dyne  per  sq  cm.  In  spe- 
cific cases,  however,  because  the  OAY  response  is 
so  much  more  uniform  than  that  of  the  OR,  the 
correlation  between  new  and  old  readings  had  to 
be  determined  for  the  particular  sounds  to  be  meas- 
ured. 

3 2 DESIGN  CONSIDERATIONS 

It  was  initially  proposed  to  develop  portable  meas- 
uring equipment  for  the  submarine  noise  reduction 
program  by  adapting  a commercial  sound  level  me- 
ter and  a commercial  hydrophone.  When  this  plan 
was  analyzed,  however,  it  was  clear  that  the  work 
of  modification  would  be  extensive,  the  procure- 
ment of  sound  level  meters  would  be  most  difficult, 
and  the  resulting  system  would  be  inconvenient  both 
to  transport  and  to  operate.  It  was  accordingly  de- 
cided to  design  completely  new  equipment  for  the 
specific  requirements  of  the  noise  reduction  pro- 
gram. 

In  the  selection  of  a hydrophone,  the  field  of 
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available  hydrophones  was  investigated,  and  serious 
consideration  was  given  to  various  units  developed 
by  Western  Electric,  the  Massachusetts  Institute  of 
Eechnology  Underwater  Sound  Laboratory,  and  the 
Brush  Company.  I he  nondirectional  hydrophone 
used  in  the  expendable  radio  sono  buoy  was  also 
proposed.  It  was  found  that  none  of  these  hydro- 
phones was  altogether  satisfactory  for  the  projected 
measuring  ecpiipment  because  of  high  self-noise,  un- 
suitable fretpiency  response,  or  variation  of  response 
with  temperature.  The  hydrophone  finally  adopted 
was  one  newly  developed  by  the  Brush  Company. 
This  hydrophone  satisfies  the  frequency  response 
requirements  for  the  system,  is  fairly  independent 
of  temperature,  and  has  a uniform  directivity  pat- 
tern. The  overall  response  of  the  hydrophone  and 
the  total  system  is  flat  from  100  to  10,000  c,  and  use- 
ful to  20,000  c.  The  hydrophone  has  sufficiently 
high  sensitivity  and  low  self-noise  to  permit  meas- 
urement of  submarine  noises  of  the  lowest  level 
detectable  in  the  quietest  water  conditions.  Attenu- 
ators within  the  system  adjust  the  range  of  the  meter 
so  that  it  reads  sound  levels  from  35  to  145  db  above 
0.0002  dyne  per  sq  cm. 

For  adaptability  to  various  measuring  problems 
the  equipment  was  designed  to  include  means  for 
self-calibration,  as  well  as  output  jacks  for  a moni- 
toring loudspeaker  and  headphones,  for  recording 
equipment,  and  for  commercially  available  fre- 
(juency  analyzers.  An  optional  10,000-c  high-pass  fil- 
ter was  included  to  facilitate  supersonic  measure- 
ments. An  optional  1,000-c  low-pass  filter  was  also 
provided  to  reduce  background  noise  in  certain 
conditions.  I'he  circuit  was  so  designed  that  the 
use  of  these  accessories  produced  no  disturbing  ef- 
fect upon  the  meter  reading. 

The  apparatus  was  also  designed  to  be  portable, 
rugged,  and  adaptable  to  use  on  shore,  on  ship- 
board, or  in  small  boats.  It  was  operable  either  with 
a 1 10-v,  flO-c  power  supply  or  from  storage  batteries. 
1 he  hydrophone  was  designed  for  use  with  as  much 
as  400  ft  of  cal)lc,  and  the  standard  equipment  in- 
cluded both  a 10-ft  and  a 400-ft  cable,  either  of  which 
could  be  fastened  to  the  hydrophone  by  means  of 
a watertight  connector. 

The  final  model  of  the  OAY  satisfied  the  design 
requirements  to  a large  extent,  and  approximately 
40  units  of  the  measuring  equipment  were  supplied 
to  the  Navy  for  use  at  submarine  bases  all  over  the 
world.  On  the  basis  of  the  field  performance  of  the 
OAY,  recommendations  were  made  for  changes  to 


increase  the  ruggedness  of  the  equipment  and  to 
improve  its  usefulness.  A prototype  model  incorpo- 
rating many  of  the  proposed  modifications  was  con- 
structed as  a basis  for  future  work. 

3 3 CONSTRUCTION  OF  THE  OAY 
EQUIPMENT 

General 

1 he  Model  OAY  sound  measuring  equipment,  as 
produced  for  Navy  use,  is  shown  in  Figure  1 and  in 
the  block  diagram  of  Figure  2.  It  consists  of  the 
hydrophone  with  connecting  cable  and  plug;  the 
sound  level  meter  with  its  attenuators,  four-stage 
amplifier,  balanced  vacuum-tube  voltmeter,  power 
supply,  and  internal  calibration  circuit;  and  a rotary 
converter  assembly.  Accessory  equipment  which  can 
be  used  with  the  meter  includes  the  monitoring 
headphones,  a monitoring  amplifier  and  loud- 
speaker, and  the  narrow-band  sound  frequency  an- 
alyzer, General  Radio  Type  760A.  In  operation,  the 
underwater  sound  signal  is  picked  up  by  the  hydro- 
phone, amplified,  and  read  on  the  meter  scale.  This 
scale  is  calibrated  in  steps  of  1 db,  and  the  attenu- 
ator adjusts  the  amplification  of  the  unit  so  that 
the  reading  falls  within  the  meter  scale.  The  internal 
calibration  circuit,  which  is  adjusted  initially  to  cor- 
respond to  the  predetermined  sensitivity  of  the  hy- 
drophone, permits  a check  of  the  calibration  level 
at  the  time  of  measurement.  The  sound  pressure 
levels  are  read  from  the  meter  in  absolute  terms,  in 
decibels  above  0.0002  dyne  per  sq  cm,  by  adding 
the  meter  reading  to  the  attenuator  setting. 

3-3.2  Hydrophone 

The  hydrophone  used  with  the  OAY  equipment 
is  the  Brush  RQ-51055  (AX-58)  shown  in  Figure  1. 
It  consists  of  a Rochelle  salt  crystal  head  and  a two- 
stage,  built-in  amplifier,  housed  in  a cylindrical  rub- 
ber case.  A schematic  circuit  drawing  is  given  in 
the  upper  left-hand  corner  of  Figure  7.  A one-stage 
amplifier  that  was  originally  produced  with  the 
RQ-51055  was  found  unsuitable  and  the  two-stage 
amplifier  was  substituted.  This  amplifier,  employ- 
ing negative  feedback,  provides  high  input  imped- 
ance, low  output  impedance,  high  gain  stability,  and 
high  output  voltage  which  is  an  advantage  in  com- 
bating electrical  interference  on  shipboard.  Water 
ground  connection  is  provided  for  the  system  by 
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NOTE— EQUIPMENT  IS  GROUNDED  IN  WATER 

THROUGH  THE  UNDERWATER  COUPLING 


Figuri:  2.  Block  diagram  of  OAY  sound  measuring  equipment. 


means  of  the  special  watertight  connector  that  fast- 
ens the  hydrophone  to  its  cable  extension.  The  hy- 
drophone is  itself  equipped  with  a 17-ft  length  of 
cable  and  both  10-ft  and  400-ft  cable  extensions  are 
provided. 

The  frequency  response  of  the  RQ-51055  hydro- 
phone is  shown  in  Figure  3.  The  uniformity  of 
frequency  response  that  was  desired  for  the  produc- 
tion units  was  not  achieved.  The  solid  line  A rep- 
resents the  average  response  for  24  hydrophones  of 
the  original  production  lot,  while  the  dotted  line  B 
is  the  average  of  18  later  units.  It  was  observed  that 
these  later  units  were  more  nearly  uniform.*'' 

The  temperature  dependence  of  these  hydro- 
phones is  indicated  in  Figure  4 which  shows  the  re- 
sponse at  low  frequencies  for  temperatures  of  from 
40  to  90  F.  The  data  available  indicate  that  the 


response  is  little  affected  by  temperature  at  fre- 
quencies up  to  10,000  c.  It  is  also  established  that 
the  response  is  not  affected  by  static  pressures  at 
depths  down  to  300  ft. 

Sound  Level  Meter 

General 

The  sound  level  meter  is  the  principal  part  of  the 
OAY  equipment.  Its  mechanical  construction  can 
be  seen  from  the  photograph  in  Figure  5.  This  unit 
is  designed  to  be  both  compact  and  sufficiently  rug- 
ged for  use  in  the  conditions  to  be  encountered  in 
the  field.  The  sound  level  meter  and  its  power  sup- 
ply are  mounted  in  this  single  chassis  and  operate 
either  from  batteries  or  from  an  a-c  supply.  Facili- 
ties are  provided  for  plugging  in  headphones,  loud- 


Figure  3.  Calibration  of  RQ-51055  hydrophones. 
A.  Average  of  24  original  units.  B.  Average  of  18 
latest  units. 
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a The  USRL  calibration  of  the  hydrophone  is  given  in 
Division  6,  Volume  11,  Chapter  7. 


Figure  4.  Effect  of  temperature  upon  sensitivity  at  low 
frequencies  for  RO-51055  hydrophone  No.  32. 
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Figure  5.  Sound  level  meter  chassis. 


speaker  and  amplifier,  and  a sound  analyzer.  Any 
or  all  of  these  can  be  plugged  in  or  out  during  op- 
eration of  the  equipment  without  affecting  the  meter 
indication.  An  internal  calibration  circuit  is  pro- 
vided to  permit  checking  of  the  circuit  performance. 

The  frequency  response  of  the  meter  circuit,  shown 
in  Figure  6,  is  flat  from  100  to  20,000  c,  so  that  the 
pass  band  of  the  system  is  determined  only  by  the 
hydrophone  response,  in  Figure  3.  The  dynamic 
range  of  the  system,  using  the  RQ-51055  hydro- 
phone, goes  from  35  to  145  db  above  0.0002  dyne 
per  sq  cm.  The  hum  level  is  about  8 db  below  ther- 
mal noise  and  the  system  is  able  to  measure  the  low- 
est water  noise  encountered.  The  optional  10,000-c 
high-pass  and  1,000-c  low-pass  filters  are  controlled 
by  switches  on  the  chassis  panel.  These  filters  pro- 
duce an  insertion  loss  of  18  db  per  octave  in  the 
attenuated  frequency  range  as  shown  in  Figure  6. 

Meter  Circuit 

A schematic  circuit  diagram  for  the  sound  level 
meter  is  shown  at  the  right  of  Figure  7.  The  input 
circuit  of  the  sound  level  meter  is  designed  to  work 
from  a 200-ohm  source,  the  RQ-51055  hydrophone. 
The  input  voltage  is  stepped  up  through  an  input 
transformer  terminated  by  a high-impedance  poten- 
tiometer, marked  “0.1  meg  attenuator”  in  the  draw- 
ing. This  potentiometer  is  calibrated  in  steps  of  5 db 
over  a range  of  75  db  and  controls  the  input  to  the 


first  amplifier  tube.  The  control  is  placed  in  this 
position  to  avoid  overloading  the  first  stage  when 
high-intensity  sounds  are  measured.  Two  stages  of 
resistance-coupled  amplification  follow  the  poten- 
tiometer. Negative  feedback  is  used  to  reduce  the 
output  impedance  of  the  second  stage  and  to  stabi- 
lize it  against  line  voltage  variations.  The  plate  load 
in  the  second  stage  has  a split  load  resistance.  Thus 
short-circuiting  the  part  of  the  plate  load  resistance 
which  feeds  the  monitor  amplifier  jack  does  not 
cause  an  appreciable  change  in  output  voltage.  This 
insures  proper  operation  of  the  meter,  even  when  a 
defective  plug  or  amplifier  is  used. 

The  l(),00()-c  high-pass  filter  and  a 1,000-c  low- 
pass  filter  are  located  between  the  second  and  third 
amplifier  stages.  A three-position  switch  mounted  on 


Figure  G.  Meter  reading  for  constant  voltage  across  cali- 
brating  resistor  of  hythophone. 
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the  front  panel  connects  these  filters  into  the  cir- 
cuit when  desired.  The  l,()00-c  low-pass  filter  was 
added  to  the  equipment  of  the  original  design  shown 
in  Figure  1 to  permit  reduction  of  shrimp  noise. 

The  filters  are  followed  by  a 20-db  range  switch 
and  the  gain-calibration  potentiometer.  The  first  is 
used  to  increase  the  gain  when  sounds  having  a 
level  below  -f  50  db  are  to  be  measured.  I he  second 
adjusts  the  overall  gain  of  hydrophone  and  sound 
level  meter  amplifier  to  a predetermined  value  at  the 
start  of  a given  test. 

Two  additional  resistance-coupled  amplifier 
stages,  similar  to  the  first  two,  follow  and  com- 
plete the  amplifier.  Again  the  plate  load  impedance 
of  the  output  tube  is  split,  one  branch  feeding  the 
sound  analyzer  jack,  giving  the  same  protection 
against  a defective  plug.  This  output  tube  also  feeds 
the  monitoring  phone  jack  and  the  vacuum-tube 
voltmeter.  Connected  to  the  auxiliary  contacts  of 
the  monitoring  phone  jack  is  a resistance-capacity 
network  which  has  impedance  characteristics  sim- 
ilar to  the  two  headphones  in  series  and  which  is 
disconnected  when  the  headset  is  inserted,  thus  again 
insuring  that  the  signal  voltage  output  is  not  altered. 

The  balanced  vacuum-tube  voltmeter  reads  be- 
tween rms  and  peak  values.  Two  tubes  (in  one  en- 
velope) and  two  resistors  act  as  a bridge  circuit. 
The  meter,  0-1  d-c  milliammeter  with  a resistance 
in  series,  is  connected  between  the  plates  of  the  tubes. 
The  signal  voltage  is  first  rectified  by  a half-wave 
high-vacuum  rectifier  and  filtered  by  a resistance- 
capacitance  network  and  is  then  applied  as  a nega- 
tive voltage  to  the  grid  of  one  of  the  vacuum  tubes, 
thereby  throwing  the  bridge  out  of  balance.  With 
proper  bias  and  anode  potentials  applied,  the  meter 
reading  will  be  proportional  to  the  signal  voltage 
input.  The  maximum  current  through  the  meter, 
when  one  of  the  tubes  is  at  negative  grid-bias  cut- 
off, is  only  1.25  ma,  thus  protecting  the  meter  from 
damaging  overloads.  A four-deck,  five-position  switch 
makes  the  indicating  meter  also  available  for  check- 
ing the  d-c  filament  voltage  of  the  hydrophone  am- 
plifier tubes  and  the  B supply  voltage.  I'hc  latter 
check  also  gives  an  approximate  indication  of 
whether  the  a-c  line  voltage  is  connected  to  the  right 
tap  on  the  power  transformer. 

The  grounding  of  the  measuring  equipment  is 
automatically  performed  when  the  cable  connector 
connecting  the  hydrophone  to  the  cable  extension 
is  immersed  in  water.  No  other  ground  should  be 
used  as  it  will  form  a ground  loop  and  make  the 


measuring  equipment  inoperative  because  of  severe 
hum. 

The  power  supply  furnishes  the  necessary  direct 
current  for  the  RQ-51055  hydrophone  amplifier  as 
well  as  for  the  sound  level  meter.  It  supplies  230-v 
direct  current  for  the  anode  potential,  12.6-v  direct 
current  for  the  filaments  of  the  hydrophone  ampli- 
fier tubes,  and  6.3-v  alternating  current  for  the  fila- 
ments of  the  tubes  in  the  sound  level  meter.  Idie  a-c 
filament  winding  is  held  at  a slight  positive  poten- 
tial to  eliminate  filament-to-cathode  emission.  The 
hydrophone  amplifier,  the  two  halves  of  the  four- 
stage  amplifier,  and  the  vacuum-tube  voltmeter  have 
separate  decoupling  fdters  to  reduce  common  im- 
pedances to  a minimum.  A voltage-regulator  tube 
provides  steady  B potential  to  the  vacuum-tube  volt- 
meter, within  line  voltage  variations  of  ±15  percent, 
thus  insuring  proper  operation. 

Total  power  consumption  of  the  sound  level  me- 
ter and  hydrophone  assembly  is  approximately  85  w 
when  operated  from  a 115-v,  60-c  line. 

Calibration  Circuit 

The  calibrating  circuit  shown  in  Figure  7 provides 
a constant  current  at  1,000  c through  a 5-ohm  resis- 
tor in  series  with  the  low  side  of  the  hydrophone 
crystal.  7 his  current  is  chosen  so  that  the  voltage 
developed  in  series  with  the  crystal  is  the  same  as 
that  developed  by  a sound  level  of  +95  db,  and 
during  calibration  the  gain  adjustment  mentioned 
above  is  varied  until  the  meter  reads  95  while  the 
calibrating  current  flows.  This  then  corrects  for  all 
circuit  variations  except  changes  in  crystal  sensitiv- 
ity. The  calibration  oscillator  is  of  the  resistance- 
stabilized  feedback  type.  The  output  adjustment  is 
in  the  feedback  path,  because  its  output  voltage  has 
to  be  measured  across  the  tuned  circuit.  The  wave 
shape  is  not  materially  affected  by  this  method  since 
sufficient  negative  feedback  is  used  to  keep  the  maxi- 
mum distortion  below  4 per  cent. 

From  the  discussion  of  the  circuits  it  is  apparent 
that  the  overall  accuracy  of  measurement  is  deter- 
mined primarily  by  the  hydrophone  crystal,  since 
all  amplifiers  are  stabilized  by  inverse  feedback,  and 
any  residual  variations  can  be  corrected  by  the  cali- 
bration circuit.  Variations  in  hydrophones  can  be 
expected,  as  is  shown  by  the  curves  of  Figure  3 
which  give  a plot  of  frequency  against  crystal  out- 
j)ut  at  the  hydrophone  amplifier.  Figure  6 shows 
the  electrical  frequency  characteristics  for  the  three 
settings  of  the  fdter  switch.  These  curves  show  the 
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meter  readings  obtained  for  constant  voltage  across 
the  calibrating  resistor  of  the  hydrophone. 

In  order  to  correct  for  variations  in  crystal  sensi- 
tivities, a correction  factor  is  assigned  to  each  hydro- 
phone. This  value,  of  the  order  of  2 db,  is  deter- 
mined at  the  laboratory  before  shipment  of  the  OAY 
equipment.  The  crystal  sensitivity  of  the  average 
RQ-51055  hydrophone  is  expressed  as  —78.5  db  in 
the  range  from  100  to  5,000  c.  (This  is  crystal  voltage 
below  1 V for  a sound  pressure  level  of  1 dyne  per 
sq  cm.)  The  +95  db  in  decibels  above  0.0002  dyne 
per  sq  cm  calibration  level  on  the  OAY  sound  level 
meter  corresponds  to  the  absolute  sound  pressure 
incident  upon  a hydrophone  with  this  average  sen- 
sitivity. For  each  individual  hydrophone  the  as- 
signed correction  factor  expressing  any  deviation 
from  the  — 78.5-db  average  must  be  applied  to  obtain 
absolute  readings. 

3-3.4  Accessory  Equipment 

In  the  requirements  for  the  OAY  it  was  specified 
that  battery  operation  be  provided.  The  rotary  con- 
verter assembly  shown  at  the  right  in  Figure  1 oper- 
ates from  32-v  storage  batteries.  It  supplies  power 
both  to  the  meter  and  to  the  monitor  amplifier  in 
conditions  where  115-v  alternating  current  is  not 
available. 

A pair  of  high-fidelity  Rochelle  salt  headphones 
is  supplied  with  the  equipment.  A high-fidelity 
amplifier  and  loudspeaker  also  allow  monitoring  by 
ear  of  the  noises  picked  up  by  the  hydrophone.  The 
amplifier  is  designed  to  operate  on  115-v  60-c  single- 
phase power,  and  the  unit  consumes  105  w.  To  ob- 
tain recordings  of  characteristic  machinery  noises 
and  other  sounds  as  a training  aid  and  for  detailed 
study  of  submarine  sounds,  recording  equipment 
can  be  operated  from  the  monitor  output. 

The  sound  analyzer  normally  used  with  the  OAY 
equipment  is  the  General  Radio  Type  760A.  This 
can  be  plugged  into  the  circuit  without  influencing 
the  meter  reading.  If  the  ERPI  Type  RA-277  an- 
alyzer is  used,  an  external  coupling  circuit  is  added 
to  provide  the  proper  low-impedance  match. 

3.4  PERFORMANCE 

In  general  the  OAY  gear  satisfied  the  require- 
ments of  the  submarine  noise  reduction  program,  as 
discussed  above.  Many  of  these  units  were  put  into 
use  at  submarine  bases  throughout  the  world,  and 


the  equipment  found  application  in  other  types  of 
sound  tests  where  a rugged  portable  instrument  was 
needed  with  a wide  flat  frequency  response.  On  the 
basis  of  experience  with  OAY  units  in  the  field, 
certain  improvements  were  proposed  with  recom- 
mendations for  changes  in  the  calibration  and  stand- 
ard measurement  procedures.  A prototype  model 
was  constructed  incorporating  many  of  these  changes. 

The  desired  uniformity  of  hydrophone  frequency 
response  was  not  achieved  with  this  design,  although 
there  was  some  indication  that  the  latest  models 
had  more  uniform  sensitivity.  A rotation  scheme  for 
maintaining  optimum  performance  was  developed 
by  supplying  three  hydrophones  with  each  set  of 
OAY  equipment.  While  one  of  these  was  in  service, 
the  second  was  on  hand  in  good  condition  to  serve 
as  a spare,  and  the  third  was  under.going  test  and 
necessary  repairs  at  the  New  London  laboratory. 

35  RECOMMENDATIONS  FOR 

FUTURE  WORK 

The  proposed  changes  in  the  OAY  equipment, 
many  of  which  were  incorporated  in  the  prototype 
model,  are  summarized  in  the  following  paragraphs. 
This  experimental  model  could  be  used  as  a basis 
for  future  work. 

Sound  Level  Meter.  To  increase  the  usefulness  of 
the  meter,  certain  changes  were  made  in  the  cir- 
cuit. The  output  jack  for  the  frequency  analyzer 
was  originally  designed  for  a high-impedance  cir- 
cuit. Since  it  is  often  desirable  in  practice  to  use 
the  ERPI  RA-277  analyzer,  which  has  a low-imped- 
ance input,  it  is  recommended  that  the  coupling 
networks  necessary  for  both  high-  and  low-imped- 
ance analyzers  be  provided.  A further  simplifica- 
tion in  the  meter  could  be  made  by  combining  the 
20-db  range  control  with  the  5-db  step  attenuator, 
so  that  the  complete  level  control  would  operate 
from  a single  switch.  For  some  measurements  it  is 
convenient  to  have  a slow  characteristic  for  the  meter 
needle,  as  well  as  the  normal  fast  response.  In  the 
prototype  model  the  regular  speed  was  made  nor- 
mally available,  while  the  slow  response  was  ob- 
tained by  holding  down  a nonlocking  push  button. 

Hydrophone.  The  chief  objection  to  the  Rochelle 
salt  crystals  used  in  the  RQ-51055  unit  is  the  dam- 
age incurred  by  this  material  at  temperatures  above 
120  F.  Such  temperatures  are  readily  encountered 
where  the  unit  lies  out  on  deck  in  the  sun.  The 
newly  developed  ADP  crystal  is  a possible  substi- 
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tute  if  the  6-db  drop  in  crystal  output  can  be  tol- 
erated. Improved  methods  should  insure  better  uni- 
formity among  the  production  models.  A new  ADP 
hydrophone  was  designed,  designated  AX- 120.  It 
was  not  found  possible,  however,  to  duplicate  com- 
pletely the  performance  of  RQ-51055  hydrophones 
for  which  the  OAY  sound  level  meter  was  designed. 
The  necessary  changes  would  impair  the  perform- 
ance with  the  RQ-51055  units.  Thus  the  interchange- 
ability  which  is  so  important  in  the  OAY  equip- 
ment would  be  lost.  The  AX-120  hydrophone,  which 
has  somewhat  lower  self-noise  than  the  RQ-51055 
and  which  is  independent  of  temperature,  is  rec- 
ommended for  a new  instrument,  and  if  at  some 
future  time  it  proves  desirable  to  change  to  the  new 
hydrophone,  the  present  meter  could  be  readily 
adapted  for  the  purpose. 

Hydrophone  Cable.  Trouble  was  encountered  in 
breakage  of  the  cable  conductors.  A type  of  cable 
manufactured  by  the  Simplex  Whrc  and  Cable  Com- 
pany is  recommended  for  future  models.  This  cable 
consists  of  five  individually  tinned  copper  conduc- 
tors each  covered  with  0.112-in.  diameter,  40  per 
cent  rubber  insulation  in  different  colors.  These 
strands  are  cabled  with  no  fdling  and  wound  with 
a cotton  separator.  Over  this  is  a tinned  copper- 
braid  sleeve  for  shielding,  a cotton  wind,  and  a 
0.500-in.  diameter,  60  per  cent  rubber  jacket. 

Filters.  Two  filters  are  regular  equipment  in  the 
sound  level  meter,  and  output  connections  are  pro- 
vided for  sound  frequency  analyzers.  In  some  cases 
an  intermediate  degree  of  frequency  analysis  would 
be  useful.  For  this  purpose  an  experimental  set  of 
filters  was  constructed  for  insertion  between  the  hy- 
drophone and  the  sound  level  meter.  This  set  was 
housed  in  a small  box,  approximating  an  8-in.  cube, 
and  comprised  high-pass  filters  of  100-,  300-,  1,000-, 
and  3,000-c  cutoff,  and  low-pass  filters  of  300-,  1,000,- 
3,000-,  and  10,000-c  cutoff.  It  was  constructed  so 


that  the  hydrophone  cable  extension  was  plugged 
into  the  box  and  the  filter  output  cable  plugged 
into  the  sound  level  meter.  Each  filter  was  con- 
trolled by  a push  button  switch.  These  particular 
filters  were  selected  as  having  useful  cutoffs,  but 
others  would  be  as  easy  to  provide.  The  present 
sound  level  meter  has  no  space  available  for  a con- 
venient conversion  to  accommodate  the  filters  inside 
the  chassis.  This  experimental  device  could,  how- 
ever, be  furnished  as  an  accessory  to  bases  where  it 
would  be  useful. 

Headphones.  The  headphones  furnished  with  the 
OAY,  using  x-cut  Rochelle  salt  for  high  fidelity, 
were  not  designed  for  the  rigors  of  naval  service. 
Permoflux  headphones  are  sturdier  and  available, 
but  they  have  low  impedance  and  therefore  require 
a coupling  transformer  for  the  present  equipment. 
In  any  modification  program  this  transformer  could 
be  installed  in  the  meter  circuit. 

Overside  Measurements.  The  high  background  en- 
countered at  most  locations  where  routine  overside 
measurements  are  made  suggests  some  modification 
in  the  procedure.  The  present  hydrophone  calibra- 
tion level  of  95  db  is  subject  to  interference  from 
water  noise.  Although  it  is  possible  to  calibrate  by 
removing  the  hydrophone  from  the  water,  this  is 
not  always  convenient.  It  would  be  desirable  to 
raise  the  calibration  level  to  120  db.  In  addition, 
the  23-db  average  difference  between  overside  meas- 
urements of  auxiliaries  and  the  corresponding  stand- 
ard Navy  sound  range  measurements  at  200  yd  rec- 
ommends use  of  the  overside  method  for  high  back- 
ground conditions.  However,  the  OAY  method  af- 
fords no  check  on  the  noise  from  air  leaks  or  oil 
leaks  which  may  arise  from  points  on  the  submarine 
which  are  out  of  water  during  surface  operation 
when  the  overside  measurements  are  made.  These 
measurements  do  not  replace  range  and  underway 
tests  but  have  proved  a useful  supplement. 
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Noise  Level  Monitor  and  Cavitation 
Indicator 

The  noise  level  monitor  [NLM]  is  used  on  submar- 
ines to  detect  excessively  noisy  auxiliaries  by  indicat- 
ing changes  in  their  noise  outputs.  A decibel  meter 
measures  noise  levels  at  any  of  four  hydrophones  lo- 
cated along  the  pressure  hull.  The  cavitation  indi- 
cator [Cl]  used  with  the  NLM  employs  a magneto- 
striction hydrophone  mounted  aft  torecewe  propellor 
cavitation  noise.  The  NLM  and  the  Cl  were  devel- 
oped by  CUDWR-NLL. 

41  INTRODUCTION 

The  success  of  a submarine  in  escaping  from 
enemy  attack  depends  in  large  measure  on  its 
ability  to  operate  quietly.  For  this  reason  a pro- 
gram of  submarine  noise  measurement  was  instituted 
early  in  the  war.  This  program,  conducted  on  sound 
ranges  near  the  various  major  submarine  bases  and 
later  supplemented  by  overside  noise  measurements 
described  in  Chapter  2,  was  directed  toward  locating, 
measuring,  and  correcting  the  noise  generated  by 
propellers,  gears,  pumps,  motors,  and  other  sources 
within  the  submarine.  It  also  aimed  at  establishing 
progressively  lower  permissible  noise  limits  for  slow- 
speed  underway  runs.  Because  the  minimum  noise 
level  of  the  various  sources  may  increase  as  a result  of 
depth-charge  shocks,  improper  adjustments,  dam- 
aged propellers,  etc.,  while  the  boat  is  on  patrol,  it 
appeared  desirable  to  provide  also  a means  for  mak- 
ing self-noise  measurements  aboard  the  submarine 
while  underway. 

The  noise  lex)el  monitor  [NLM]  developed  for  this 
purpose  detects  changes  in  the  noise  levels  of  the 
main  propulsion  machinery  and  the  auxiliaries  of 
a submarine.  Because  of  the  varying  distances  be- 
tween the  NLM  hydrophones  and  the  various  ma- 
chinery noise  sources,  the  equipment  cannot  indi- 
cate the  noise  intensity  in  absolute  units,  as  estab- 
lished during  the  regular  Navy  sound  range  tests. 
The  NLM  should  be  calibrated,  therefore,  in  order 
to  give  the  submarine  commander  a guide  to  the 
significance  of  any  noise  level  changes  which  may 


Figurf.  1.  Noise  level  monitor  indicator. 


be  detected  by  the  equipment  while  the  boat  is  on 
patrol. 

The  NLM  utilizes  four  permanent-magnet  mag- 
netostriction hydrophones  spaced  at  approximately 
equal  intervals  from  fore  to  aft  on  the  outside  of 
the  pressure  hull.  The  acoustic  noise  level  at  any 
selected  hydrophone  position  is  measured  by  means 
of  a decibel  meter. 

A method  of  making  noise  measurements  by  the 
use  of  artificially  introduced  masking  noise  of  con- 
trolled intensity  had  previously  been  suggested  as 
an  alternative  to  direct  measurements  with  a meter. 
This  masking  technique  was  compared  directly  with 
the  NLM  meter  method  during  the  development 
tests  and  it  was  found  that  the  two  methods  gave 
substantially  the  same  results.  The  simpler  direct 
measuring  arrangement  consequently  was  selected 
for  the  production  model. 

The  cavitation  indicator  [Cl]  employs  the  spare 
echo-ranging  receiving  amplifier  and  a fifth  hydro- 
phone, identical  with  the  NLM  units  but  located 
as  far  aft  as  practicable.  The  start  of  propeller  cavi- 
tation noise  is  indicated,  together  with  a rough  meas- 
ure of  its  relative  intensity,  by  a neon  lamp  indicator 
panel  located  in  the  conning  tower  or  control  room. 
Amplifier  gain  is  adjusted  to  flash  a green  lamp 
on  background  noise  with  the  submarine  running 
below  cavitation  speed.  As  increased  speed  causes 
cavitation  noise  to  begin,  sufficient  additional  volt- 
age is  generated  to  flash  both  the  green  and  an 
amber  light.  With  severe  cavitation  the  green  and 
amber  lights  remain  on  and  a red  light  flashes. 
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42  DESIGN  CONSIDERATIONS 

In  the  design  ol  c(iui|)inciU  to  cnal)lc  snbmarinc 
personnel  to  evaluate  own-ship’s  noises  while  under 
way,  a number  ol  factors  should  be  considered. 

1.  Equipment  lor  monitoring  machinery  noise 
must  be  capable  of  accurately  indicating  noise  level 
changes  over  a long  period  of  time.  I'his,  together 
with  the  character  of  the  noises  to  be  measured,  im- 
posed a number  of  retjuirements  on  the  hydrophone 
and  amplifier. 

a.  I'he  hydrophone  characteristic  and  sensi- 
tivity must  not  be  appreciably  affected  by 
the  temperature  and  pressure  variations  and 
severe  depth-charge  shocks  likely  to  be  en- 
countered. It  should  be  adecpiate  to  insure 
a good  signal-to-resistance  noise  ratio  in  the 
higher  frequency  region  (14  or  15  kc). 

b.  A flat  frecpiency  response  and  high  sensi- 
tivity over  the  lower  sonic  region  are  also 
desirable  in  the  hydrophone.  However,  if 
this  cannot  be  attained  in  a unit  which 
meets  the  other  requirements,  the  response 
should  not  be  highly  peaked  and  the  sensi- 
tivity should  be  adequate  to  insure  a good 
signal-to-resistance  noise  ratio  at  all  fre- 
(juencies  between  about  100  and  2,000  c. 

c.  It  is  necessary  to  use  at  least  four  hydro- 
phones spaced  along  the  hull  in  order  to 
insure  a good  signal-to-ambient-noise  ratio 
for  as  many  machinery  units  as  possible 
and  to  minimize  the  acoustic  shielding  ef- 
fects of  intervening  structures  such  as  the 
conning  tower. 

d.  The  fretjuency  resjjonse  of  the  amplifier 
used  with  the  NLM  should  have  a response 
complementing  that  of  the  hydrophone  in 
the  100-  to  2,000-c  range. 

e.  The  amplifier  used  with  the  Cl  should  pro- 
vide means  for  discriminating  against  the 
lower  sonic  frequencies,  and  its  gain  at  the 
higher  frequencies  should  be  sufficient  to 
amplify  the  lowest  expected  signal  voltages 
to  the  extent  necessary  for  actuation  of  a 
suitable  indicator. 

2.  The  noise  of  importance  to  this  problem  is  of 
two  principal  types  arising  from  different  sources: 
(a)  noise  from  the  main  propulsion  and  auxiliary 
machinery  with  frequency  components  almost  wholly 
confined  to  the  lower  sonic  region  (usually  below 
1,000  to  1,500  c),  and  (b)  noise  arising  from  propeller 


cavitation  and  ha\'ing  a broad  continuous  spectrum 
extending  high  into  the  supersonic  region.  Machin- 
ery noise,  arising  from  many  widely  separated 
sources  on  the  submarine,  is  present  whenever  the 
boat  is  moving  under  })ower,  and  either  remains 
constant  or  increases  slowly  with  ship  speed.  Cavi- 
tation noise  is  normally  absent  or  undetectable  at 
slow  speeds,  but  appears  suddenly  at  a critical  speed 
which  depends  on  the  particular  submarine  and 
propeller  design,  the  running  depth  of  the  boat, 
and  the  acceleration. 

8.  A device  for  checking  cavitation  must  cpiickly 
indicate  the  occurrence  of  noise  from  this  source 
when  it  first  becomes  detectable,  but  accurate  com- 
parisons of  intensity  over  a long  period  of  time 
are  not  necessary.  Since  cavitation  noise  covers  a 
broad  frequency  S|)ectrum,  an  indicator  can  utilize 
energy  in  the  siq)ersonic  region  and  avoid  inter- 
ference from  machinery  noises.  The  retjuirements 
imjmsed  on  the  cavitation  noise  indicator  equi}3- 
ment,  in  addition  to  those  given  above  for  the 
hydroj)hone  and  the  amj^lifier,  are: 

a.  I'he  indicator  should  work  automatically 
when  ])ro|Derly  adjusted  and  should  j:)refer- 
ably  give  some  measure  of  the  intensity  of 
the  cavitation  noise  as  well  as  indicating  its 
occurrence. 

b.  The  indicator  should  be  located  in  the 
conning  tower  or  control  room  to  j^revent 
lime  delay  in  the  transmission  of  its  in- 
formation to  the  |:)roper  jDersonnel. 

4.  The  devices  for  measuring  machinery  noise 
and  indicating  cavitation  noise  should  use  existing 
submarine  equijoment  to  the  greatest  extent  j)os- 
sible  consistent  with  the  other  requirements,  and 
oj^eration  of  the  devices  should  not  be  comj^licated. 

43  DEVELOPMENT 

Selection  of  Hydrophone  System 

Three  j^ossibilities  were  considered  in  selecting  an 
adequate  hydroj:)hone  system  for  use  with  the  NLM: 
(1)  the  regular  JP  listening  hydro|)hone,‘'‘  (2)  the 
DCDI  hydrophone  system,  discussed  later  in  this 
chapter,  and  (3)  a system  esjoecially  designed  for 
the  NI.M  and  employing  several  hydroj^hones 
mounted  at  intervals  along  the  j^ressure  hull. 

I'he  idea  of  using  the  JP  hydroj)hone  was  aban- 
doned after  tests  indicated  a single  unit  to  be  inade- 
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Figure  2.  Location  of  NLM  hydrophones. 


quate  for  receiving  the  sound  from  the  more  remote 
machinery.  Also,  there  was  some  doubt  about  the 
stability  of  the  JP  hydrophone  over  long  periods,  and 
it  was  believed  that  its  depth  of  submergence  during 
Navy  sound  range  tests  usually  was  insufficient  to 
yield  consistently  accurate  measurements. 

Tests  were  made  using  seven  DCDI  hydrophones 
mounted  at  intervals  between  the  bow  and  stern 
of  a submarine.  These  tests  indicated  that  the  use 
of  multiple  hydrophones  of  this  type  would  give 
the  desired  results  but  that  units  mounted  only  at 
the  locations  of  the  regular  DCDI  pickups  (clustered 
near  the  conning  tower)  were  too  far  from  the  for- 
ward and  aft  machinery  units  for  good  sound  re- 
ception. Additional  tests  with  multiple  hydrophones 
indicated  that  a minimum  of  four  pickups,  mounted 
on  the  pressure  hull  and  properly  spaced  with  re- 
gard to  the  locations  of  the  major  machinery  units, 
would  be  required  to  serve  the  NLM  adequately. 

The  NL-130  permanent-magnet  magnetostriction 
hydrophone,^  which  had  just  become  available,  com- 
bined the  required  stability,  sensitivity,  and  fre- 
quency characteristic  with  ruggedness  and  small  size, 
and  was  selected  for  use  with  the  NLM  and  the  Cl. 

The  four  NLM  units  are  mounted  topside  along 
the  pressure  hull  in  the  locations  indicated  in  Fig- 
ure 2.  The  hydrophone  has  a sensitivity  of  approxi- 
mately — 120  db  vs  1 V per  dyne  per  sq  cm  at  1,000  c 
and  a relatively  smooth  response  which  rises  with 
frequency  at  the  rate  of  about  6 db  per  octave  up 
to  10  kc.  It  does  not  require  periodic  magnetization 
and  its  sensitivity  and  response  are  known  to  be 
very  stable  over  a long  period  of  time.  The  NL-130 
hydrophone  thus  meets  very  well  the  requirements 
given  in  Section  4.2. 

Selection  of  Amplifiers 

Preliminary  studies  of  the  problem  of  providing 
suitable  equipment  for  noise  level  monitoring  and 
cavitation  indication  led  to  the  conclusion  that  the 
JP  amplifier  and  the  spare  echo-ranging  receiving 
amplifier  already  in  use  on  submarines  would  fulfill 
the  requirements  shown  in  Section  4.2. 
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Development  Models  and  Tests 

The  first  development  model  employed  five  NL- 
130  hydrophones  (four  for  the  NLM  and  one  for 
the  Cl)  together  with  a switching  and  metering 
adapter  for  the  JP  amplifier  and  a neon  lamp  cavi- 
tation indicator  actuated  by  the  spare  echo-ranging 
receiving  amplifier.  Two  units  of  this  first  model, 
installed  on  fleet-type  submarines,  performed  satis- 
factorily during  extensive  sea  tests  and  six  more  units 
were  built  for  installation  on  other  operating  sub- 
marines. Testing  of  these  first  eight  units  enabled 
the  working  out  of  suitable  techniques  for  operating 
both  the  NLM  and  the  Cl  and  led  to  preparation 
of  a final  design  for  production  units. 

4 4 PRODUCTION  MODEL  NLM  AND  Cl 

The  production  model  of  the  NLM  and  Cl  is 
made  up  in  the  form  of  a modification  kit  for  in- 
stallation at  submarine  bases  and  consists  of  the 
following  main  items  in  addition  to  the  necessary 
cabling,  junction  boxes,  etc.: 

Five  NL-130  hydrophones. 

NLM  adapter  unit  including  decibel  meter. 

External  decibel  meter. 

Magic  eye  tube  assembly. 

Neon  lamp  cavitation  indicator. 

The  NLM  adapter  unit,  shown  installed  on  a JP 
amplifier  in  Figure  1,  includes  a multideck  rotary 
switch  to  select  any  one  of  the  four  NLM  hydro- 
phones for  noise  level  measurements  or  to  connect 
the  JP  hydrophone  to  the  amplifier  for  normal  use 
as  directional  listening  equipment. 


Figure  3.  Cavitation  indicator.  The  three-lamp  indicator 
mentioned  in  the  text  is  a more  recent  development. 
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The  neon  lamp  cavitation  indicator  consists  of 
three  lamps  and  a resistor  network  for  adjusting  the 
voltage  necessary  to  flash  the  lamps.  This  assembly 
is  contained  in  a small  metal  case  and  is  usually 
installed  in  the  control  room  or  conning  tower.  The 
lamps  are  actuated  by  the  signal  from  the  Cl  hydro- 
phone after  its  amplification  by  the  red  light  indi- 
cator circuit  of  the  spare  echo-ranging  receiving  am- 
plifier. The  amplifier  contains  filters  which  restrict 
the  signal  used  for  actuation  of  the  Cl  to  a frequency 
band  approximately  1,000  c wide.  This  band  can 
be  swept  through  a considerable  range  in  the  super- 
sonic region  but  is  usually  centered  at  about  14  or 
15  kc  for  cavitation  noise  indication.  An  earlier 
model  is  shown  in  Figure  3. 

Schematic  circuit  diagrams  and  a fuller  description 
of  NLM  and  Cl  equipment  are  given  elsewhere.^ 


Depth-Charge  Direction  Indicator 

The  depth-charge  direction  indicator  [DCDI]  de- 
veloped by  CUDWR-XLL  is  a device  used  on  a sub- 
marine to  indicate  the  general  direction  of  an  enemy 
attack  by  detecting  the  pressure  waves  from  explo- 
sions. It  consists  essentially  of  three  pairs  of  hydro- 
phones, called  blastphones,  located  to  starboard  and 
port,f ore  and  aft,  and  above,  below  on  the  submarine 
hull.  The  blastphones,  small  rugged  magnetostriction 
hydrophones  capable  of  withstanding  high  pressures, 
are  connected  electronically,  through  three  identical 
split  channels  in  an  amplifier-indicator  unit,  to  cor- 
responding pairs  of  indicator  lamps  which  flash  upon 
explosion  of  nearby  depth  charges. 


Figure  4.  Ainplificr-iiidicator  panel  view  of  depth-charge 
direction  indicator. 


45  INTRODUCTION 

Battle  experience  of  submarines  indicated  the  im- 
portance, as  an  aid  to  evasive  maneuvers,  of  accu- 
rate information  concerning  the  sector  in  which  the 
enemy  is  attacking.  Prior  to  the  development  of  the 
depth-charge  direction  indicator  [DCDI],  no  equip- 
ment was  available  to  provide  this  information.  How- 
ever, a knowledge  of  the  principles  of  transmission 
and  detection  of  shock  waves  in  the  earth,  gained  in 
connection  with  geophysical  prospecting,  was  avail- 
able to  be  drawn  upon  in  the  design  of  the  direc- 
tion indicator.  On  the  basis  of  this  knowledge,  a 
system  was  evolved  capable  of  indicating  the  direc- 
tion of  the  explosion  by  measuring  the  difference 
in  time  of  arrival  of  the  shock  wave  front  at  two 
points  in  the  desired  plane. 

The  DCDI  employs  three  pairs  of  hydrophones, 
called  blastphones,  which  are  connected  by  an  elec- 
tronic circuit  to  indicator  lamps  in  the  submarine. 
The  blastphones  are  placed  to  port  and  starboard, 
ahead  and  astern,  and  above  and  below  the  sub- 
marine. In  general,  one  blastphone  of  each  pair  re- 
ceives the  pressure  wave  from  an  explosion  a short 
time  before  the  other.  The  electronic  circuit  is  so 
arranged  that  the  first  signal  received  from  either 
blastphone  of  each  pair  causes  that  blastphone’s  in- 
dicator lamp  to  be  lighted  and  automatically  pre- 
vents the  lighting  of  the  indicator  lamp  associated 
with  the  other  blastphone  of  the  pair.  Thus,  if  a 
charge  explodes  ahead,  to  port,  and  below  the  posi- 
tion of  the  submarine,  lamps  indicating  these  rela- 
tionships are  lighted,  while  the  astern,  starboard, 
and  above  lamps  remain  dark. 

The  device  has  performed  well  in  experimental 
field  service.  Reliable  azimuth  indications  are  con- 
sistently obtained  at  ranges  as  great  as  5,000  to  6,000 
yd,  but  the  maximum  range  of  dependable  above- 
below  indications  is  sometimes  limited  by  tempera- 
ture gradients  in  the  water.  Although  the  DCDI  de- 
sign to  be  described  provides  the  information  orig- 
inally desired,  its  usefulness  would  be  enhanced  if 
the  bearing  accuracy  were  improved  and  range  in- 
formation provided.  Recommendations  for  improve- 
ment of  the  particular  design  discussed  include  the 
use  of  a permanent-magnet  type  of  blastphone  to 
eliminate  the  necessity  for  charging  circuits,  and 
the  elimination  of  nonstandard  electronic  tubes. 

Development  work  continued  after  the  DCDI  was 
put  in  production  led  to  the  design  and  construction 
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of  experimental  devices  for  indicating  range  as  well 
as  more  accurate  bearings.  It  is  recommended  that 
further  development  be  directed  toward  extending 
and  completing  this  work. 

46  DESIGN  REQUIREMENTS 

Initial  consideration  of  the  problem  of  providing 
the  desired  information  led  to  the  following  restric- 
tive mechanical  and  operational  specifications. 

1.  The  minimum  information  given  by  the  indi- 
cator system  should  be  sufficient  to  locate  a depth- 
charge  explosion  in  the  correct  quadrant  in  the 
azimuthal  plane  and  to  indicate  whether  it  occurred 
above  or  below  the  submarine’s  running  depth. 

2.  Directional  information  should  be  obtainable 
for  explosions  occurring  at  ranges  of  up  to  several 
thousand  yards. 

3.  The  equipment  should  be  capable  of  operat- 
ing directly  from  the  d-c  supply  of  a submarine  with- 
out the  use  of  auxiliary  equipment  which  might 
limit  use  of  the  device  during  quiet  running. 

4.  The  indicator  should  not  only  be  easily  read 
but  also  be  capable  of  rapid  resetting,  preferably 
automatically,  in  readiness  for  succeeding  charges. 

5.  The  indicator  unit  should  be  as  small  as  pos- 
sible to  permit  its  installation  in  the  conning  tower 
or  control  room. 

6.  The  instrument  should  contain  no  relays  and 
should  otherwise  be  rugged  enough  to  withstand 
the  severe  shocks  likely  to  be  encountered. 

In  addition  to  the  above,  the  conditions  of  use 
impose  certain  requirements  on  the  design  and  con- 
struction of  the  blastphone.  Since  the  energy  in 
shock  waves,  such  as  those  created  by  depth-charge 
explosions,  is  high  and  covers  a broad  frequency 
range,  the  blastphones  need  not  have  high  sensitiv- 
ity or  flat  frequency-response  characteristics.  They 
should,  however,  be  mechanically  rugged  and  their 
efficiency  should  be  sufficiently  high  to  insure  that 
background  water  noise,  rather  than  electric  circuit 
noise,  limits  the  signal-to-noise  ratio.  Further,  the 
response  of  the  units  should  cover  a reasonably  broad 
frequency  band  to  prevent  serious  distortion  in  re- 
sponding to  steep  pressure  fronts. 

4 7 EXPERIMENTAL  MODELS 

Four  experimental  models  of  the  DCDI  were  built 
in  the  course  of  the  development  work.  The  last  of 
these  served  as  a prototype  for  production  units. 


First  Modfx 

This  experimental  laboratory  system,  designed  to 
operate  from  portable  batteries,  consisted  of  a sin- 
gle, split-channel,  amplifier-indicator  system  supplied 
by  a pair  of  small,  rugged,  magnetostriction  hydro- 
phones, or  blastphones.  The  circuit  was  arranged 
so  that  a voltage  received  from  one  of  the  blast- 
phones of  the  pair  served,  after  amplification,  to 
actuate  a trigger  tube  in  one  side  of  the  split  chan- 
nel, which,  in  turn,  lighted  a corresponding  indicator 
lamp.  At  the  same  time  sufficient  additional  negative 
bias  was  furnished  to  the  grid  of  the  corresponding 
tube  in  the  other  side  of  the  channel  to  prevent  it 
from  “firing”  on  a signal  received  a few  milliseconds 
later.  Thus,  a pressure  front  from  a depth-charge 
explosion,  received  first  by  one  blastphone  of  the 
pair,  would  trip  the  appropriate  indicator  lamp  cir- 
cuit and  automatically  prevent  the  signal,  received 
later  by  the  other  blastphone,  from  tripping  the 
alternate  indicator  lamp  circuit. 

This  early  model  was  tested  in  the  relatively  shal- 
low water  of  Long  Island  Sound  by  suspending  its 
two  blastphones  about  5 ft  apart  in  the  water  and 
exploding  1-lb  Nitromon  charges  at  ranges  up  to 
300  yd.  The  device  worked  as  anticipated,  produc- 
ing reliable  indications  of  the  positions  of  the  ex- 
plosions in  relation  to  the  blastphones. 

Second  Model 

The  succeeding  model,  with  essentially  the  same 
design  features  as  the  first  but  providing  three  chan- 
nels and  three  pairs  of  blastphones,  proved  that  three- 
dimensional  indications  could  be  obtained. 

Third  Model 

The  third  model  employed  the  circuit  used  in  the 
two  preceding  units,  but  was  designed  to  operate 
directly  from  the  110-v  d-c  power  supply  available 
on  submarines  and  to  be  small  enough  for  installa- 
tion in  the  conning  tower  or  control  room.  This 
model  was  installed  on  a fleet-type  submarine  at 
Pearl  Harbor.  The  ahead-astern  and  port-starboard 
blastphones  were  located  around  the  conning  tower 
superstructure  and  the  above-below  blastphones  were 
located  in  the  periscope  shears  and  at  the  keel  (see 
Figure  5). 

This  unit  did  not  perform  in  a satisfactory  man- 
ner. False  flashing  of  the  indicator  lamps  sometimes 
occurred,  with  the  result  that  the  directional  infor- 
mation was  not  reliable.  A duplicate  unit  installed 


CONFIDENTIAL 


DEPTH-CHARGE  DIRECTION  INDICATOR 


53 


ABOVE  BLASTPHONE  MOUNT  HORIZONTALLY 


on  a later-type  boat  at  New  London  did  perforin 
satisfactorily,  however,  and  it  was  subsecpiently  de- 
termined that  the  false  flashing  of  the  lamps  in  the 
unit  installed  at  Pearl  Harbor  was  due  to  transients 
in  the  power  supply  of  the  older  boat.  To  correct 
this  situation  a power-supply  filter  was  incorjiorated 
in  later  models  of  the  DCDl. 

bests  of  a duplicate  third  model  DCDl,  installed 
on  a submarine  at  New  London,  were  carried  out 
with  standard  300-lb  dejnh  charges.  Ihe  charges 
were  dropped  at  various  relative  bearings,  at  dis- 
tances of  from  450  to  6,000  yd  from  the  submarine, 
and  were  set  to  explode  at  depths  of  from  50  to  500 
ft.  During  the  tests  the  submarine  was  submerged 
to  keel  depths  of  from  60  to  300  ft  in  water  depths 
varying  from  25  to  125  fathoms.  At  ranges  up  to 
600  yd  all  charges  gave  correct  indications.  WOien 
the  range  was  increased  (2,000  to  3,000  yd),  the  ahead- 
astern  and  port-starboard  indications  were  correct, 
but  there  was  a single  case  of  error  in  the  above- 
below  indications  occurring  with  a charge  set  to  ex- 
plode at  500  ft.  As  the  range  ajjproached  6,000  yd, 
the  DCDl  indications  became  erratic  in  all  chan- 
nels. Charges  exploded  at  ranges  of  6,000  yd  or  more 
failed  to  actuate  the  indicators. 


48  PROTOTYPE  AND  PRODUCTION 
MODELS 

The  results  of  the  tests  on  the  third  model  of  the 
DCDl  were  judged  sudiciently  good  to  justify  the 
construction  of  a fourth  model  to  be  used  as  a proto- 
type for  production  units.  I'lie  original  circuit,  with 
the  addition  of  a power  supply  fdter  to  eliminate 
the  effects  of  transients,  was  retained,  but  the  anij^li- 
fier-indicator  components  were  rearranged  to  facili- 
tate the  use  of  production  methods. 

Blast  PHONES 

The  blastj^hones  used  (Model  NI.-l  16  described  in 
Division  6,  Volume  11)  are  small,  rugged,  magneto- 
striction hydrophones  having  medium  sensitivity^ 
and  capable  of  withstanding  high  static  and  shock 
pressures.  1 he  units  used  with  the  DCDl  are  9 in. 
long  and  consist  of  a coil  wound  on  a laminated 
iron  core  and  sealed  inside  a nickel  tube.  The  as- 
sembly is  {provided  with  a rubber  mounting  and  a 
mesh  guard  to  aid  in  the  reduction  of  vibration  trans- 
mission from  the  hull  and  to  protect  the  tube.  Figure 


c Sec  Division  6,  Volume  13. 
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6 illustrates  the  general  method  of  construction  and 
shows  the  rubber  mounting. 

External  Installation.  Figure  5 indicates  the  loca- 
tion of  the  blastphones  in  a typical  DCDI  installa- 
tion on  a submarine.  The  use  of  two  units  to  receive 
signals  from  below  the  boat  was  found  to  be  neces- 
sary in  order  to  permit  installation  of  these  units 
in  protected  locations  without  danger  of  acoustic 
shielding  by  the  keel.  The  outputs  of  the  units  are 
paralleled  and  carried  into  the  hull  from  junction 
boxes  by  means  of  a 12-conductor  cable  passing 
through  a packing  gland. 

Amplifier-Indicator 

Figure  4 is  a photograph  of  the  amplifier-indicator 
and  Figure  7 is  a schematic  diagram  of  one  channel 
of  the  circuit  used  in  the  preproduction  and  subse- 
quent production  models.  The  three  split  channels 
providing  for  ahead-astern,  port-starboard,  and 
above-below  indications  are  identical.  For  purposes 
of  simplicity  in  describing  the  functions  of  the  va- 
rious circuit  elements,  attention  is  confined  to  the 
ahead-astern  channel  shown.  Voltages  induced  in  the 
ahead-astern  blastphones  by  the  pressure  wave  from 
a depth-charge  explosion  are  impressed  across  the 
primaries  of  the  input  transformers  T-101  and  T-102. 
If  the  explosion  occurs  forward  of  the  submarine’s 
beam,  then  the  voltage  delivered  to  the  primary  of 
T-101  precedes  that  arriving  at  T-102  by  a few  milli- 
seconds. The  voltage  induced  in  the  secondary  of 
T-101  is  amplified  by  one  section  of  the  dual  triode 
V-101  and  is  delivered  to  the  control  grid  of  the 
thyratron  tube  V-102.  If  the  original  signal  delivered 
to  T-101  is  of  sufficient  strength,^  the  voltage  arriv- 
ing at  the  control  grid  of  V-102  fires  this  tube  and 
allows  cathode  current  to  flow,  lighting  the  indicator 
lamp  I- 101.  The  amplified  voltage  from  the  other 
blastphone,  arriving  a few  milliseconds  later  at  the 
control  grid  of  V-104,  is  unable  to  fire  this  tube  for 
the  following  reasons.  Before  V-102  is  fired,  the  grid 
of  V-104  is  about  7 v negative  with  respect  to  its 
cathode.  As  soon  as  V-102  is  fired,  current  flows 
through  the  indicator  lamp  I-lOl  and  through  the 
resistor  R-113.  This  produces  a voltage  drop  across 
R-113  which  furnishes  additional  negative  bias  of 
about  35  V to  the  grid  of  V-104.  Since  this  bias  is 
too  great  for  the  signal  voltage  delivered  by  the 
amplifier  ahead  of  V-104  to  overcome,  this  tube  is 


<1  On  the  basis  of  experiment:  that  induced  in  the  blast- 
phone  by  a 300-lb  depth  charge  within  6,000  yd. 


Figure  6.  The  Model  NL-116  blastphone  assemldy. 


prevented  from  firing,  and  its  associated  indicator 
lamp  1-102  remains  dark. 

Once  V-102  has  been  fired,  current  continues  to 
flow  through  the  indicator  lamp  I-lOl  for  approxi- 
mately 3 sec.  This  time  interval  is  controlled  by  the 
electronic  timing  circuit  incorporating  the  gas  dis- 
charge tube  V-103.  When  V-102  is  conducting,  the 
cathode  is  at  a positive  potential  which  charges 
C-103  at  a rate  determined  by  the  value  of  the  re- 
sistor R-110.  At  the  same  time  that  C-103  is  charg- 
ing, the  condenser  C-104,  with  positive  side  con- 
nected to  the  grid  of  V-103,  is  also  charging  at  a 
lower  rate  through  the  larger  resistor  R-112.  When 
the  cathode  and  grid  of  V-103  reach  triggering  volt- 
age, V-103  conducts,  momentarily  placing  the  ca- 
thode at  a positive  potential.  The  voltage  across 
V-102  is  thus  reduced  below  that  necessary  for  main- 
tenance of  ionization.  With  the  tube  no  longer  ca- 
pable of  conducting,  the  current  flow  ceases,  the  in- 
dicator lamp  is  extinguished,  and  the  operational 
cycle  is  completed. 

The  bank  of  condensers  C-125,  C-126,  C-127,  and 
C-128  is  used  as  a means  of  providing  current  for 
remagnetizing  the  blastphones.  These  condensers  are 
discharged  through  the  coil  of  each  blastphone  by 
closing  the  switches  K-101,  K-102,  etc.,  one  at  a time. 

The  resistors  R-154,  R-155,  etc.,  in  parallel  with 
the  indicator  lamps  insure  that  an  inoperative  in- 
dicator lamp  does  not  cause  erroneous  indications 
elsewhere  in  the  system.  Opening  of  the  manual  re- 
set switch  K-107  opens  the  plate  circuits  of  the  thyra- 
tron tubes  and  provides  a means  of  extinguishing 
all  the  indicator  lights  before  the  end  of  the  3-sec 
interval. 
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Figure  7.  Schematic  wiring  diagram  of  the  ahead-astern  channel  of  the  DCDl  amplifier-indicator  circuit. 


Production  units  of  the  DCDI  were  constructed 
in  accordance  with  the  circuit  design  of  the  pre- 
production  model. 

Performance  in  Service 

In  service,  the  DCDI  has  given  reliable,  satisfac- 
tory performance.  The  original  experimental  model 
installed  on  a submarine  at  New  London  was  found 
to  be  operating  satisfactorily  after  more  than  18 
months  of  service.  Although  numerous  patrol  reports 
indicate  that  the  device  has  been  of  definite  aid 
in  the  evasion  of  depth  charge  attacks,  it  is  believed 
that  performance  of  the  DCDI  is  less  than  might  be 
desired  in  a number  of  respects. 

Effect  of  Temperature  Gradients 

It  has  been  mentioned  that  errors  in  the  above- 
below  indications  were  noted  during  the  tests  when 
depth  charges  were  exploded  at  ranges  of  from  2,000 
to  3,000  yd.  Investigation  of  the  causes  for  these  er- 
rors led  to  the  conclusion  that  they  were  very  likely 
due  to  the  effect  of  temperature  gradients  on  the 
transmission  of  sound.  Subsequent  analysis^  of  the 
refraction  effects  due  to  this  cause  has  justified  this 


assumption  and  has  shown  that  when  a negative  tem- 
perature gradient  (temperature  decrease  with  in- 
crease of  depth)  exists  in  the  water,  with  consequent 
bending  downward  of  the  sound  waves,  below  indi- 
cations are  always  correct,  but  above  indications 
may  occasionally  be  in  error.  Conversely,  when  posi- 
tive gradients  exist,  above  indications  are  reliable, 
but  below  indications  may  sometimes  be  incorrect. 
Tables^  have  been  prepared  which  determine  the 
reliability  of  above-below  indications  if  the  magni- 
tude of  the  temperature  gradient  and  the  range  of 
the  charges  are  known.  Although  submarines  have 
bathythermograph  equipment  for  determining  the 
thermal  gradient,  exact  quantitative  information 
from  this  source  is  available  only  when  a dive  has 
been  made  recently.  For  this  reason,  and  because 
the  DCDI  does  not  provide  a means  of  measuring 
the  range  of  depth  charges,  it  is  questionable  how 
accurately  estimates  of  the  reliability  of  above-below 
indications  can  be  made  in  practice. 

However,  lack  of  complete  reliability  of  DCDI 
above-below  indications  is  not  necessarily  so  serious 
as  might  at  first  appear.  Very  close  charges  (within 
about  500  yd)  are  almost  certain  to  be  correctly  in- 
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dicated.  If  the  explosions  occur  at  greater  ranges, 
it  is  usually  of  lesser  importance  to  know  their  depth 
relative  to  that  of  the  submarine.  In  addition,  the 
submarine  personnel  are  very  likely  to  know  whether 
a positive  or  a negative  thermal  gradient  exists  in 
the  water,  and,  as  pointed  out  above,  this  informa- 
tion is  sufficient  to  establish  the  complete  reliability 
in  the  one  case  of  all  ab()x>e  and  in  the  other  of  all 
beloxu  indications. 

Desirable  Improvements 

Although  the  direction  indicator  has  equaled  or 
exceeded  the  original  design  objectives  in  almost  all 
respects,  certain  features  are  capable  of  improve- 
ment. Foremost  among  these  are  the  following: 

1.  The  device  should  incorporate  a means  of  in- 
dicating the  range  at  which  depth-charge  explosions 
occur.  A direct-reading  scale  which  would  indicate 
the  approximate  absolute  range,  or  the  relative 
range  of  successive  charges,  would  be  of  value. 

2.  The  DCDI  indicates  the  relative  bearing  of 
explosions  only  by  quadrants.  Provision  of  a more 
precise  means  of  indicating  azimuth  would  increase 
the  usefulness  of  the  device.  This  improvement,  to- 
gether with  range  indications,  would  make  it  pos- 
sible for  the  submarine  personnel  to  chart  accurately 
the  position  of  the  enemy. 

3.  The  sensitivity  of  the  blastphone,  although  not 
extremely  critical,  is  dependent  upon  the  magnetiza- 
tion retained  by  the  nickel  tube  after  subjection  to 
a strong  magnetic  field  produced  by  a charging  cur- 
rent through  the  coil.  Since  in  normal  use  the  nickel 
does  not  retain  its  magnetization  indefinitely  and 
the  magnetization  may  be  greatly  reduced  by  the 
shocks  encountered  during  depth-charge  attacks,  a 
means  of  periodically  remagnetizing  the  tube  must 
be  provided.  The  use  of  a permanent-magnet  type 


of  magnetostriction  hydrophone  would  eliminate 
this  procedure  and  the  charging  circuits. 

1 he  possibilities  noted  under  several  of  these  items 
have  been  explored.  Work  undertaken  after  early 
operational  experience  was  obtained  on  the  DCDI 
has  resulted  in  the  development  of  a direct-reading 
meter  which  indicates  the  approximate  absolute 
range  at  which  charges  are  exploding.  This  develop- 
ment is  discussed  in  detail  in  the  following  section 
of  this  chapter.  Some  laboratory  work  has  been  done 
on  the  problem  of  indicating  azimuth  more  accu- 
rately, with  the  result  that  preliminary  models  of  a 
device  to  work  with  the  DCDI  and  yield  relative 
bearing  indications  in  octants  have  been  constructed. 
This  scheme  utilizes  the  signals  from  the  existing 
ahead-astern  and  port-starboard  blastphone  pairs 
with  a secondary  pairing  of  the  first  unit  of  each 
pair  receiving  the  signal.  A more  complicated  method 
for  indicating  the  azimuth  of  depth-charge  explosions 
to  an  accuracy  of  a few  degrees  has  also  been  sug- 
gested. For  this  purpose,  the  difference  in  time  of 
arrival  of  the  signal  at  the  initially  actuated  blast- 
phones  of  the  ahead-astern  and  port-starboard  pairs 
is  employed  by  an  electronic  timing  circuit  to  actu- 
ate a direct  reading  meter  which  indicates  relative 
bearing  in  degrees. 

Permanent-magnet  magnetostriction  hydrophones 
of  a type  suitable  for  use  with  the  DCDI  have  been 
developed  and  are  used  with  the  noise  level  moni- 
tor and  with  the  depth-charge  range  estimator.  While 
development  of  this  permanent-magnet  type  of  blast- 
phone was  not  sufficiently  far  advanced  to  permit  its 
use  with  the  original  production  model  of  the  DCDI. 
it  was  planned  that  any  subsequent  production  or- 
ders for  this  equipment  would  incorporate  the  new 
blastphone  in  order  to  eliminate  the  charging  cir- 
cuits. 
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The  Depth-Charge  Range  Estimator 

The  depth  charge  range  estimator  devel- 

oped by  CV DW li-X LL  is  a dexnce  used  on  subfnar- 
ines  in  conjunction  with  the  depth  charge  direction 
indicator  to  estimate  the  range,  and  to  indicate  open- 
ing and  closing  ratige,  of  enemy  depth-charge  explo- 
sions. It  cotisists  essentially  of  a small  perxnanent- 
magnet  magnetostriction  hydrophone,  an  electronic 
unit,  and  a meter  calibrated  for  the  intemalsO  to  2^)0, 
250  to  500,  500  to  1,000,  and  over  1 ,000  yd.  Impulses 
from  depth-charge  explosions  are  fed  through  the  hy- 
drophone into  a series  of  four  multivibrator-amplifier 
circuits  which  are  successively  sensitive  to  increasing 
voltage  changes.  Through  the  operation  of  these  cir- 
cuits, the  approximate  range  of  the  explosion  which 
is  characterized  by  the  amplitude  of  its  initial  pres- 
sure wave  is  properly  indicated  on  the  meter. 


49  INTRODUCTION 

The  experience  of  personnel  in  submarines  sub- 
jected to  depth-charge  attacks  during  battle  and 
during  tests  of  the  depth-charge  direction  indicator 
made  it  evident  that  virtually  no  reliable  estimate 
of  the  range  of  de|)th-charge  explosions  can  be  made 
by  ear.  I'actical  use  of  early  models  of  the  DCDI, 
which  provides  for  determination  of  the  octant  in 
which  a depth-charge  explosion  occurs,  showed  that 
this  directional  information  is  of  considerable  as- 
sistance during  evasive  maneuvers,  but  emphasized 
the  desirability  of  supplementary  information  con- 
cerning the  range  of  the  explosions. 

As  a consequence,  develoj^ment  work  was  under- 
taken concurrently  with  the  latter  stages  of  the 
DCDI  development  to  determine  the  feasibility  of 
measuring  the  range  of  depth-charge  explosions  by 
means  of  the  amplitude  of  the  initial  pressure  wave, 
d'his  work  has  established  that  no  theoretical  reasons 
exist  which  preclude  the  success  of  this  method  of 
range  determination,  j^rovided  that  an  approximate 
rather  than  a precise  range  is  satisfactory.  On  this 
basis  the  deplh-charge  range  estimator  [DCRE]  was 
designed  and  constructed. 

d'he  DCRE  utilizes  a small,  permanent-magnet, 
magnetostriction  hydrophone**  connected,  through  a 
series  of  electronic  trigger  circuits,  to  a meter  which 
indicates  whether  the  explosion  is  in  the  range  in- 


« See  Division  0,  Volume  13. 


Figure  8.  DCRE  indicator  and  amplifier  units. 


terval  of  0 to  250,  250  to  500,  500  to  1,000,  or  over 
1,000  yd.  Several  units  of  this  equipment,  installed 
and  tested  on  fleet-type  submarines,  have  shown  rea- 
sonably satisfactory  performance  with  77  per  cent 
of  all  test  charges  indicated  in  the  correct  range 
interval  and  none  in  error  by  more  than  one  inter- 
val. Opening  or  closing  range,  as  determined  from 
a series  of  charges,  was  always  correctly  indicated. 
At  ranges  of  less  than  500  yd,  good  accuracy  may  be 
expected. 

4 10  DESIGN  PROBLEMS 

In  considering  the  problem  of  estimating  the 
range  of  an  underwater  explosion  by  the  amplitude 
of  the  initial  pressure  wave  reaching  a given  point, 
the  effect  of  a number  of  factors  must  be  evaluated. 
It  is  known  that  the  amplitude  may  be  affected  by 
(1)  the  size  of  the  explosive  charge,  (2)  the  effects  of 
acoustic  shielding  produced  by  intervening  bodies, 
(3)  distortion  of  the  pressure  front  due  to  the  shape 
of  the  charge  (Munroe  effect),  and  (4)  the  transmis- 
sion properties  of  the  medium  which  depend  largely 
upon  the  existing  thermal  conditions. 

Effect  of  Charge  Size 

Studies  of  the  effects  of  charge  size  upon  the  am- 
plitude of  the  initial  pressure  wave  created  by  an 
underwater  explosion  have  shown  that  the  variation 
in  amplitude  is  proportional  to  the  cube  root  of  the 
weight  of  the  explosive  charge.  d4iese  studies  were 
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conducted  by  the  Woods  Hole  Oceanographic  Insti- 
tution.f  A very  large  proportion  of  the  depth  charges 
normally  used  fall  within  certain  known  and  not 
too  widely  divergent  weight  limits.  Therefore,  be- 
cause a doubling  of  the  charge  weight  increases  the 
amplitude  by  only  about  2 db,  whereas  a doubling 
of  the  distance  away  affects  the  amplitude  by  6 or  7 
db,  the  effect  of  charge  size  variations  may  generally 
be  ignored  without  serious  error  in  estimating  the 
range  by  the  amplitude  of  the  initial  wave. 

Effect  of  Shielding 

The  effect  of  shielding  by  the  submarine’s  own 
hull  may  be  minimized  by  placing  the  pickup  ele- 
ment in  the  periscope  shears.  By  thus  locating  the 
sensitive  element  an  appreciable  distance  from  the 
hull,  significant  self-shielding  occurs  only  when  a 
charge  explodes  within  a very  confined  region  which 
would  place  the  hull  between  it  and  the  pickup  unit. 
This  is  an  unlikely  occurrence  except  when  the 
charge  is  either  very  close  or  very  deep  with  respect 
to  the  submarine. 

Effect  of  Charge  Shape 

Since  a submarine  crew  generally  does  not  have 
information  concerning  the  shape  of  the  depth 
charges  used  against  it  or  their  orientation  when 
they  explode,  the  possible  influence  of  the  Munroe 
effect  upon  the  amplitude  of  the  pressure  front  was 
disregarded. 

Effect  of  Thermal  Gradients 

Oceanographic  studies'^  have  shown  that  the  am- 
plitude of  the  initial  pressure  wave  is  not  likely  to 
be  seriously  affected  by  thermal  gradients  at  ranges 
of  less  than  500  yd.  At  ranges  greater  than  500  yd 
the  effects  of  severe  thermal  gradients  may  be  sig- 
nificant. When  the  pickup  is  located  at  a thermal 
interface  where  the  thermal  gradient  undergoes  an 
abrupt  change,  a region  of  low  intensity  (or  “shadow 
zone’’)  may  exist  and  the  pressure  front  from 
charges  exploding  within  this  region  reaches  the 
sensitive  element  with  less  than  normal  amplitude. 
A running-depth  change  of  even  a few  yards  up  or 
down,  placing  the  pickup  above  or  below  the  inter- 
face, can  minimize  the  possibility  of  incorrect  indi- 
cations due  to  this  cause. 

Consideration  of  these  factors  indicated  that  a 
depth-charge  range  estimator  could  be  designed  to 


f Described  in  Division  6,  Volumes  6 and  8. 


operate  on  the  amplitude  of  the  initial  pressure  wave, 
but  could  not  be  expected  to  provide  measurement 
of  the  ranges  to  within  a few  yards;  its  indications 
would  necessarily  be  limited  to  locating  the  explosion 
within  one  or  another  of  several  rather  coarse  range 
intervals. 

4 11  DESIGN  REQUIREMENTS 

The  energy  in  shock  waves  from  underwater  ex- 
plosions is  high  and  covers  a broad  frequency  range, 
and  the  duration  of  the  initial  pulse  is  very  short. 
These  characteristics  impose  several  requirements  on 
the  hydrophone  and  circuit  of  any  device  designed  to 
utilize  the  amplitude  of  such  waves  as  a means  of 
estimating  the  range  at  which  the  explosions  occur: 
(1)  the  hydrophone,  though  not  necessarily  of  high 
sensitivity  or  flat  frequency  response,  should  have  a 
smooth  response,  free  from  sharp  peaks  or  dips,  over 
a reasonably  broad  frequency  range;  (2)  uniformity 
of  sensitivity  and  response  characteristics  should  be 
maintained  within  close  limits  for  all  units;  and  (3) 
the  circuit  used  must  be  capable  of  responding  to 
pulses  of  very  short  duration. 

Because  the  equipment  is  desired  for  use  on  sub- 
marines and  must  be  operative  under  extreme  evasive 
and  depth-charge  shock  conditions,  its  physical  size 
should  be  small,  it  should  operate  from  the  d-c  sup- 
ply of  the  ship’s  batteries  without  the  necessity  for 
converters  or  generators,  and  it  should  be  rugged 
enough  to  withstand  severe  shocks. 

4 12  EXPERIMENTAL  MODELS 

The  initial  DCRE  design  made  use  of  a system 
employed  in  many  previous  ordnance  and  explosive 
studies  to  determine  the  amplitude  of  pressure 
fronts.  Essentially  this  equipment  consisted  of  a i/^- 
in.  square  tourmaline  crystal,  the  output  of  which, 
after  amplification,  was  used  to  actuate  a delayed- 
pointer-return  voltmeter.  The  range  measurements 
obtained  in  tests  of  this  unit  were  not  accurate  but 
were  sufficiently  consistent  to  encourage  the  devel- 
opment of  further  models.  Some  of  the  undesirable 
features  of  this  instrument,  in  addition  to  the  range 
inaccuracies,  were  the  lack  of  sufficient  delay  in  the 
voltmeter  pointer  return,  the  high  impedance  of  the 
input  circuit,  and  the  difficulties  of  installation. 

In  the  second  model,  the  tourmaline  crystal  was 
replaced  by  a magnetostriction  hydrophone  and  an 
electronic  circuit  was  furnished  which  utilized  a 
series  of  thyratron  tubes  biased  to  fire  at  succes- 


CONFIDENTIAL 


THE  DEPTH-CHARGE  RANGE  E.ST1>EVT()R 


59 


FREQUENCY  IN  C 


Fir.i’RE  9.  I vpical  N'I.-130  hytlio[)lionc  tic(juency  response 

characteristic.  • 

sively  higher  input  voltages.  Range  indications  were 
shown  in  this  instriinient  by  a series  of  lights,  the 
number  of  lamps  lighted  being  a measure  of  the 
total  current  passed  by  the  thyratron  system  and 
thus  of  the  amplitude  of  the  signal  generated  in  the 
hydrophone  by  the  shock  wave,  d'his  model  was 
found  to  generate  excessive  heat  and  to  be  unstable 
with  voltage  variations  of  the  ship’s  power  supply. 

I'he  unit  was  redesigned  to  incorporate  increased 
ventilation  and  greater  stability  and  was  tested  at 
sea  from  a surface  vessel  by  suspending  the  hydro- 
phone overside  and  exploding  depth  charges  at 
varying  ranges.  I'he  performance  was  encouraging 
in  that  opening  and  closing  ranges  were  correctly 
determined.  However,  it  was  evident  that  the  volt- 
ages generated  by  the  magnetostriction  hydrophone 
were  several  times  greater  than  had  been  anticipated, 
leading  to  inaccuracies  in  magnitudes  of  the  ranges 
indicated.  From  these  tests  it  became  apparent  that 
the  measurement  of  fine  increments  of  range  by 
this  method  did  not  aj^pear  to  be  feasible.  Consid- 
eration of  all  the  data,  however,  indicated  that  esti- 
mates of  the  ranges  in  the  intervals  of  0 to  250,  250 
to  500,  500  to  1,000,  and  over  1,000  yd  could  be  ac- 
complished. 

4 13  FINAL  MODEL 

The  final  model'’  of  the  depth-charge  range  esti- 
mator w'as  designed  with  range  indications  confined 
to  the  four  intervals  listed  in  the  preceding  section. 
'Fhis  ecjuipment  emj)loys  a permanent-magnet  mag- 
netostriction hydrophone  NL-1.30« and  has  the  ranges 


K See  Division  6,  Volume  11. 


indicated  on  a voltmeter,  d'he  indicator  and  ampli- 
fier units  are  shown  in  Figure  8. 

Hydrophone 

The  NL-130  hydrophone  has  an  approximate  open 
circuit  sensitix  ity  of  —120  tlb  vs  1 v per  dyne  per  sej 
cm  at  1,000  c and  its  response  rises  cpiite  smoothly 
at  the  rate  of  about  6 db  per  octave  between  100 
and  5,000  c.  In  its  application  to  the  DCRE  this 
hydrophone  is  mounted  in  the  submarine’s  periscope 
shears  where  it  is  reasonably  free  of  acoustic  shield- 
ing from  the  hull.  A typical  frequency  characteristic 
is  shown  in  Figure  9. 

Electronic  Circuit 

In  the  electronic  circuit,  a schematic  diagram  of 
which  is  shown  in  Figure  10,  the  condensers  C-110 
and  C-111  across  the  secondary  of  the  input  trans- 
former restrict  the  transmission  of  fretpiencies  above 
5,000  c in  order  to  eliminate  the  effects  of  variations 
which  occur  in  the  hydrophone  sensitivity  above  that 
frequency. 

Ihe  rectifier  circuit  including  V-101  is  loaded 
with  a voltage  divider  consisting  of  resistors  R-1 16  to 
R-121.  I'he  four  divider  steps  consisting  of  resistors 
R-1 16,  R-1 17,  R-1 18,  and  R-1 19,  each  providing  ap- 
j^roximately  6.8  db  loss,  are  connected  to  a series  of 
four  “flip-flop”  circuits,  based  on  tubes  V-103,  V-106, 
V-l()7,  and  V-109.  I'he  “flip-flop”  circuit  is  essentially 
a two-stage  amplifier  in  which  one  stage  normally 
is  conducting  while  the  other  stage  normally  is  cut 
off,  and  in  which  the  actions  of  the  tubes  are  tem- 
j)orarily  reversed  by  a small  positive  voltage  on  the 
grid  of  the  nonconducting  tube. 

l ubes  V-l()3,  V-l()6,  V-107,  and  V-109,  have  a 
meter  M-lOl  common  to  the  plate  circuits  of  the 
normally  nonconducting  sections.  I'hus,  when  a sig- 
nal of  sufficient  strength  is  received  from  the  hydro- 
phone, the  voltage  developed  across  the  four  resis- 
tors, R-1 16  to  R-1 19,  causes  a reversal  of  action  in 
the  two  sections  of  V-l()9  and  results  in  a deflection 
of  the  meter.  I'he  time  during  which  the  action  of 
the  tube  sections  is  reversed  is  determined  by  the 
values  of  the  resistor  R-1 32  and  the  condenser  C-109, 
which  in  this  case  are  adjusted  to  yield  an  interval 
of  aj3proximately  2 sec. 

Similarly,  when  the  signal  from  the  hydrophone  is 
of  greater  strength,  because  of  a charge  at  lesser 
range,  the  voltage  across  the  three  resistors  R-1 16  to 
R-1 18  becomes  sufficient  to  reverse  the  action  of 
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V-107  resulting  in  a greater  meter  deflection,  and 
so  on. 

A combination  of  RC  filtering  and  VR  tubes  is 
included  in  the  plate  supply  to  the  tubes  of  the  “flip- 
flop”  circuits  in  order  to  stabilize  these  circuits  which 
are  sensitive  to  a sudden  decrease  of  the  supply  volt- 
age. The  heaters  are  connected  in  series  and  take 
their  power  from  the  ship’s  1 15-v  d-c  supply  regulated 
by  means  of  an  Amperite  3-38 A tube,  V-l()5. 

Calibration 

Calibration  of  the  range  estimator  was  found  to 
be  difficult  and  required  a considerable  number  of 


rather  complicated  sea  tests  in  order  to  establish  a 
basis  for  the  circuit  sensitivity  to  be  used.  The  ac- 
curacy of  calibration  depends  upon  the  characteris- 
tics of  both  the  hydrophone  and  the  electronic  unit. 
The  curves  in  Figure  1 1 show  the  effect  on  the  range 
estimates  of  variations  in  the  sensitivity  of  the  hydro- 
phone alone  and  emphasize  the  relatively  large  volt- 
ages induced  in  the  pickup  unit  by  the  high  sound 
pressures  from  depth-charge  explosions.  The  manu- 
facturing specifications  for  NL-130  hydrophones 
used  with  the  DCRE  require  that  the  overall  sensi- 
tivity be  held  within  ±1  db.  These  limits  are  equiva- 
lent to  a maximum  effective  range  change  of  ±10 
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l uiiiRi.  11.  Ellccl  of  hydioplioiic  sensitivity  on  DCRE  range  calibration. 


per  cent.  This  is  considered  satisfactory  in  view  of  the 
other  variables  in  the  system. 

For  jjreliminary  calibration  of  the  electronic 
equipment,  a testing  method  was  developed  in  which 
a 12-/if  condenser  is  discharged  through  a small 
resistor  inserted  in  series  with  the  hydrophone.  I'o 
simulate  the  hydrophone  output  for  the  depth- 
charge  range  intervals  of  from  0 to  250,  250  to  500, 
500  to  1,000,  and  over  1,000  yd,  the  condenser  is 
charged  to  20,  9,  4,  and  1 v respectively.  Although 
this  method  does  not  duplicate  the  duration  and 
form  of  the  pulse  residting  from  a depth-charge 
explosion,  it  appears  satisfactory  enough  for  the  ))ur- 
pose.  It  is  recommended,  however,  that,  should  fur- 
ther work  be  undertaken,  consideration  be  given  to 
a built-in  method  of  self-calibration. 

1*krformanc;k 

Several  units  of  the  final  model  of  the  range  esti- 
mator were  installed  on  fleet-type  submarines  on  the 
Atlantic  Coast  and  at  Pearl  Harbor.  Extensive  tests 
of  these  units  were  conducted  and  indicated  that 
performance  was  reasonably  accurate.*’  Out  of  a total 
of  77  charges  dropped  under  controlled  conditions. 


77  per  cent  were  indicated  within  the  correct  range 
interval.  Of  the  remaining  23  per  cent,  none  were 
in  error  by  more  than  one  range  interval  with  only 
19  per  cent  indicated  short  of  actual  range  and  only 
4 per  cent  indicated  beyond  the  actual  range.  Dur- 
ing the  tests,  determinations  of  whether  the  range 
of  the  “attacking”  vessel  was  opening  or  closing 
were  correct  in  every  case.  The  limiting  range  of 
the  DCRE,  as  shown  by  a lack  of  any  indication  on 
the  range  meter,  was  found  to  be  about  2,000  yd. 

Although  some  of  the  submarines  ecj nipped  with 
the  final  model  of  the  DCRE  have  been  on  war 
patrols,  no  information  on  the  tactical  use  of  this 
device  had  been  received  at  the  time  of  writing. 
On  the  basis  of  the  tests  alone,  however,  it  is  be- 
lieved that  the  greatest  need  for  improvement  of 
the  instrument  is  the  provision  of  more  precise 
range  information.  Recause  of  the  known  factors 
affecting  the  amplitude  of  the  initial  pressure  wave 
from  an  underwater  explosion,  it  appears  that  it 
probably  will  be  necessary  for  such  an  instrument 
to  operate  on  different  principles,  perhaps  employ- 
ing multiple  hydrophones  and  a system  of  triangu- 
lation. 
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Acoustic  Marine  Speedometer 

The  three  types  of  acoustic  marine  speedometer 
[ams]  are  experimental  devices  for  measuring  ship’s 
speed  with  respect  to  the  water  by  utilizing  some 
undenoater  acoustic  phenomenon  lohich  varies  with 
that  speed.  Tzoo  types  developed  utilize  doppler  shift 
of  sound;  the  third  utilizes  phase  lag.  The  experi- 
mental work  loas  done  by  HUSL. 


5.1  INTRODUCTION 

HE  FUNCTION  o£  the  acoustic  marine  speedome- 
A ter  [AMS]  is  to  measure  the  speed  of  a ship 
with  respect  to  the  water  by  making  use  of  some 
underwater  acoustic  phenomenon  that  varies  with 
speed.  The  work  done  on  AMS  was  based  on  two 
such  phenomena,  namely: 

1.  The  difference  in  frequency  (doppler)  between 
the  input  to  a moving  projector  and  the  reverbera- 
tion produced. 

2.  The  variation  in  phase  shift  that  occurs  when 
a signal  travels  through  water  from  a transmitting 
to  a receiving  transducer,  both  moving  through  the 
water. 

These  are  illustrated  in  Figures  1 and  2. 

In  the  first  case  the  magnitude  of  the  frequency 
shift,  or  doppler,  is  proportional  to  the  speed  of 
the  source  with  respect  to  the  water.  Consequently, 
a properly  calibrated  device  that  measures  this  dop- 
pler can  be  used  to  indicate  ship’s  speed. 

Likewise,  the  change  in  phase  introduced  by  the 
water  path  between  two  transducers  located  a fixed 
distance  apart  is  a function  of  the  speed  of  the  trans- 
ducers, so  that  a phase-measuring  device  can  serve 
as  a speedometer  when  calibrated  for  the  purpose. 

The  possibility  of  using  doppler  for  speed  meas- 
urement has  been  recognized  for  some  time.*'^  The 
use  of  phase  shift  as  a measure  of  speed  is  also  a 
well-known  principle.  Two  other  methods  of  meas- 
uring speed  involve  the  principle  of  pressure  change 
in  the  water  in  the  direction  of  ship’s  motion,  and 

a The  particular  application  for  ship’s  speed  is  covered  by  a 
patent  to  Constantin  Chilowsky,  June  28,  1932,  No.  1,864,638. 


Figure  1.  Operation  of  doppler-type  speedometer. 


that  of  change  of  rotational  speed  of  a free  propeller 
with  the  speed  of  the  ship.i  Since  these  two  devices 
do  not  utilize  any  acoustic  principle,  however,  they 
will  not  be  discussed  further. 

The  work  on  AMS  was  stimulated  by  reports  that 
Pitometer  logs  currently  in  service  gave  inadequate 
precision  for  slowly  moving  vessels,  and  that  their 
size  and  weight  precluded  their  use  on  small  craft. 
Preliminary  experimental  work  revealed  that  the 
outstanding  problem  involved  in  the  development 
of  an  acoustic  marine  speedometer  was  the  construc- 
tion of  suitable  transducers. 

Three  separate  models  of  the  acoustic  marine 
speedometer  were  constructed  and  tested,  two  of 
them  based  on  doppler,  the  other  on  phase  shift. 
The  first  of  these,  called  the  steady-state  acoustic 
marine  speedometer  [SAMS],  employs  separate  trans- 
ducers for  transmission  and  reception,  with  both  of 
them  operating  continuously  and  facing  the  same 
direction.  The  second,  known  as  the  acoustic  marine 


Figure  2.  Operation  of  phase-shift  type  speedometer. 
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pinging  speedometer  [AMPS],  makes  use  of  a single 
transducer  which,  like  a regular  echo-ranging  pro- 
jector, first  transmits  the  signal  and  then  receives 
the  scattered  sound.  The  third  speedometer  is  based 
on  the  phase-shift  principle  and  is  called  the  phase 
acoustic  marine  speedometer  [PAMS].  This  model 
employs  two  transducers,  one  to  transmit  and  the 
other  to  receive,  each  operating  continuously.  They 
are  arranged  to  face  each  other,  and  only  the  direct 
transmitted  sound  is  measured  at  the  receiving  trans- 
ducer. 

The  priority  assigned  to  this  work  did  not  make 
it  possible  to  produce  a satisfactory  production  model 
in  time  to  satisfy  the  operational  need  for  the  instru- 
ment. By  the  time  the  project  was  terminated,  how- 
ever, it  had  been  established  that  in  all  probability 
further  development  work  would  lead  to  the  design 
of  a satisfactory  speedometer. 

The  various  methods  tested  in  carrying  out  the 
work  on  the  acoustic  marine  speedometer  yielded 
values  of  ship’s  speed  that  by  no  means  achieved 
the  desired  accuracy.  A major  defect  in  the  SAMS 
was  fluctuation  in  the  frequency  meter  reading 
brought  about  by  variations  in  amplitude  and  fre- 
quency. The  AMPS  was  subject  to  similar  fluctuation 
phenomena  and  in  addition  had  a definite  inac- 
curacy inherent  in  the  nature  of  the  system.  In  any 
future  development,  both  schemes  would  benefit 
considerably  by  an  increased  frequency,  since  such 
an  increase  would  cause  improved  acoustic  patterns 
in  the  unusually  small  transducers  required  for  the 
speedometer  and  a resultant  reduction  in  fluctuation. 
With  such  improved  directionality  patterns,  elec- 
tronic circuits  could  be  devised  that  would  reduce 
the  remaining  fluctuations  to  a considerable  degree. 
Neither  the  SAMS  nor  the  AMPS  was  conspicu- 
ously sensitive  to  variation  in  water  temperature 
or  in  velocity  of  sound  in  water. 

The  PAMS,  on  the  other  hand,  was  much  less 
susceptible  than  the  other  systems  to  difficulties 
caused  by  frequency  and  amplitude  fluctuation,  since 
the  steady-state  signal  was  used  and  the  transmitter 
was  pointed  directly  toward  the  receiver.  This  sys- 
tem, however,  required  a single  phase  path  in  the 
water  between  the  two  transducers,  and  therefore 
particular  care  had  to  be  taken  to  obtain  a sharp 
vertical  pattern  and  thus  to  prevent  reflections  from 
the  ship’s  hull.  This  again  would  seem  to  indicate 
the  desirability  of  a higher  operational  frequency 
to  obtain  a better  pattern.  With  PAMS,  it  is  not 


possible  to  direct  the  sound  beam  slightly  downward 
to  avoid  reflection  from  the  ship’s  hull,  and  any 
improvement  in  the  pattern  must  take  this  fact  into 
consideration. 

The  measurements  made  with  PAMS  are  ex- 
tremely sensitive  to  changes  in  oscillator  frequency 
and  in  velocity  of  sound  in  water  and  therefore  to 
changes  in  water  temperature.  The  proposed  PAMS 
described  in  Section  5.6  would  minimize  the  difficulty 
arising  from  frequency  and  temperature  changes  but 
would  introduce  additional  measuring  equipment. 

52  REQUIREMENTS 

The  principal  requirements  set  down  for  the  de- 
velopment of  the  various  AMS  models  were  as  fol- 
lows: 

1.  The  complete  device  should  be  relatively  sim- 
ple and  should  occupy  a minimum  amount  of 
space. 

2.  Speed  values  should  be  indicated  on  a meter. 

3.  No  operator  should  be  required. 

4.  Only  routine  maintenance  should  be  necessary. 

5.  The  unit  should  be  accurate  to  within  0.1  per 
cent  over  a speed  range  of  from  1 to  about  40 
knots. 

6.  Any  necessary  underwater  gear  should  be  de- 
signed to  fit  a standard  3-in.  gate  valve  of  the 
sort  employed  in  majiy  marine  speedometers 
now  in  existence. 

These  requirements  were  based  on  the  desire  to 
obtain  a simple,  foolproof  instrument  that  could 
be  installed  on  any  kind  of  ship  and  could  operate 
satisfactorily  over  a fairly  wide  range  of  speeds.  The 
development  program  was  based  to  a great  extent 
on  these  requirements,  although  certain  experimen- 
tal work  was  carried  out  from  time  to  time  to  test 
the  various  princi})les  involved,  without  any  attempt 
to  meet  the  complete  set  of  requirements. 

Requirement  (6)  for  underwater  gear  that  would 
pass  through  a standard  3-in.  gate  valve  led  to  the 
investigation  of  suitable  transducers  of  small  size. 
Since  no  satisfactory  transducer  was  available  at  the 
beginning  of  the  experiments,  it  was  necessary  to 
design  and  develop  one.  Because  the  development 
of  this  part  of  the  equipment  and  the  development 
of  the  speedometer  systems  were  carried  out  simul- 
taneously, some  of  the  experimental  transducers  were 
never  used  in  the  working  models. 


CONFIDENTIAL 


64 


SHIPBOARD  INSTRUMENTS:  II 


53  TRANSDUCERS 

Because  of  the  importance  of  the  transducer  in 
the  development  of  the  acoustic  marine  speedometer, 
a detailed  description  of  this  aspect  of  the  AMS 
program  precedes  discussion  of  the  device  itself. 

Rkqdirkmkni  s 

Six  specific  requirements  were  laid  down  to  insure 
satisfactory  operation  of  the  AMS  transducers  and 
to  meet  the  more  general  requirements  set  forth  in 
Section  5.2.  The  first  four  of  the  six  requirements 
were  intended  to  apply  to  all  three  types  of  speed- 
ometer and  the  last  two  to  apply  only  to  PAMS.  The 
six  specifications  were  as  follows. 

1 . The  transducer  should  be  small  enough  to  pass 
through  a 3-in.  gate  valve. 

2.  The  horizontal  and  vertical  patterns  of  the 
transducer  should  be  sharply  directional  in  order 
to  make  the  receiver  as  nearly  as  possible  sensitive 
to  sound  from  only  one  direction.  It  was  thought 
that  this  requirement  could  be  satisfactorily  met  by 
a pattern  not  over  40  degrees  wide,  6 db  down  from 
the  peak,  and  with  all  side  and  back  radiation  at 
least  20  db  below  the  maximum.  (A  single  exception 
to  this  requirement  is  the  horizontal  pattern  of  the 
PAMS  transducer,  which  may  be  nondirectional 
without  detrimental  residts  save  for  a slight  decrease 
in  the  signal-to-noise  ratio.) 

3.  The  transducer  should  receive  equally  well  all 
frequencies  in  the  band  due  to  doppler,  correspond- 
ing to  the  range  from  zero  to  maximum  speed. 

4.  The  transducers  should  be  properly  stream- 
lined to  avoid  excessive  turbulence  or  cavitation  at 
the  maximum  speed  expected. 

5.  The  electrical  phase  characteristics  of  the  trans- 
ducer should  not  change  with  frequency.  This  re- 
quirement eliminates  the  necessity  for  calibrating 
the  transducer  phase  characteristics  and  allows 
greater  latitude  in  the  frequency  stability  of  the 
transmitter  oscillator.^’ 

6.  The  two  transducers  should  have  a free  water 
path  between  them  and  be  fixed  with  respect  to  each 
other.'’ 

Models  Constructed 

Five  different  transducer  designs  were  investigated, 
four  of  them  of  the  magnetostrictive  type  and  one 
of  the  crystal  type.  Of  the  numerous  transducers 

l)  Requirements  (5)  and  (6)  pertain  only  to  the  PAMS. 


tested,  the  three  so-called  miniature  models  (cone, 
QC,  and  crystal)  proved  best  in  actual  experiments. 
The  Thuras  unit  was  discarded  early  in  the  work 
and  the  laminated  stacks  available  at  the  time  proved 
too  insensitive  to  be  useful.  The  miniature  crystal 
units  were  found  to  be  best  adapted  to  general  ex- 
})eriniental  work.^ 

In  the  descriptions  that  follow  it  should  be  noted 
that  the  statements  concerning  the  good  and  bad 
features  of  each  model  are  intended  to  apply  only  to 
the  specific  instruments  used  in  these  experiments. 
Since  all  these  transducers  were  unusually  small, 
their  features  and  behavior  cannot  be  considered  in 
any  way  typical  of  the  general  transducer  groups  to 
which  they  belong. 

Thuras  Models.  The  Thuras- type  hydrophone  was 
made  of  a nickel  tube  with  a nickel  sheet  passing 
through  the  center  longitudinally  on  the  diameter. 
The  coil  was  wound  lengthwise  around  this  central 
lamination.  These  transducers  had  serious  disadvan- 
tages of  low  sensitivity  and  nondirectionality,  al- 
though they  did  exhibit  a flat  frequency  response. 
Four  variations  were  made,  including  one  ^ in.  in 
length  and  ]/^  in.  in  diameter  that  proved  useful  as 
a probe  hydrophone.^  (See  Figure  3.) 

Miniature  Cone  Models.  The  miniature  cone  mod- 
els consisted  of  a brass  cone  1 in.  long  with  a face 
area  of  1 sq  in.  A nickel  tube  with  a diameter  of 
1/4  in.  was  attached  to  the  small  end.  A small  magnet 
was  inserted  lengthwise  in  the  nickel  tube  to  provide 
polarization,  and  a coil  was  wound  on  a bobbin 
placed  around  the  tube.  (See  Figure  3A.)  All  five 
variations  of  this  type  that  were  built  were  found 
to  have  the  major  shortcoming  of  sharp  resonance. 
They  exhibited  high  sensitivity,  however,  which 
seemed  to  hold  considerable  promise.^  One  variation 
was  mounted  in  a streamline  brass  strut  for  actual 
tests. 

A sixth  variation  was  made  using  polystyrene 
cones,  16  of  which  were  machined  on  the  back  of 
a piece  of  polystyrene  2 in.  square  and  i/4  in.  thick. 
(See  Figure  3B.)  The  cones  were  ^ in.  long  and  on 
the  small  end  of  each  one  was  mounted  a nickel  tube 
1/4  in.  in  diameter.  A magnet  was  placed  on  the  in- 
side of  each  tube  for  polarization  and  a coil  built 
around  each  tube.  This  model  had  high  sensitivity, 
and  did  not  have  the  defect  of  sharp  resonance.  From 

cin  addition  to  the  above  transducers,  two  Brush  C-13, 
4x4-in.  hydrophones  were  used  for  experimental  work.  For 
purposes  of  streamlining  they  were  mounted  in  a large  cylin- 
drical strut  having  a 5/1  length-to-width  ratio. 


CONFIDENTIAL 


TRANSDUCERS 


65 


BACK 


FRONT 


CONES  MACHINED  IN 
POLYSTYRENE  BLOCK 


POINT  OF  ATTACHMENT 
FOR  NICKEL  BLOCK 


RADIATING  FACE 


Figure  3.  Miniature  liydrojihones  used  in  acoustic  marine  speedometer  experiments. 
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a mechanical  standpoint,  however,  the  unit  was  un- 
stable and  was  never  actually  used. 

Miniature  QC  Models.  These  models  were  con- 
structed from  a flat  brass  plate  on  the  back  of  which 
were  mounted  a number  of  nickel  tubes.  A polarizing 
magnet  was  placed  in  each  tube  and  a coil  was  wound 
around  each  tube.  (See  Figure  3C.) 

The  miniature  QC  units  more  nearly  approached 
the  six  transducer  specifications  than  any  of  the 
other  types.  It  was  particularly  difficult  in  this  in- 
stance to  meet  the  size  requirement  without  sacri- 
ficing sensitivity.  In  general,  the  sensitivity  of  these 
models  was  somewhat  less  than  that  of  the  miniature 
cone  units. 

Laminated  Stack  Models.  Four  units  of  this  type 
were  constructed,  but  none  was  considered  satisfac- 
tory. (See  Figure  3D.)  Both  low  sensitivity  and  sharp 
resonance  were  characteristic  of  the  models  tested. 
It  should  be  noted,  however,  that  since  this  work 
was  done,  progress  has  been  made  in  combining 
properties  of  high  sensitivity  and  broad  resonance 
with  small  size  in  transducers  of  the  laminated-stack 
type.  If  further  work  on  this  project  should  be  car- 
ried on  in  the  future,  therefore,  this  type  should  not 
be  overlooked  as  a possibility.^-^ 

Miniature  Crystal  Models.  Three  of  these  units 
were  constructed  and  two  of  them  mounted  in  stream- 
lined struts.  (See  Figures  3E  and  3F.)  Their  sensi- 
tivities were  approximately  the  same  as  for  the  mini- 
ature cone  models.  In  general,  the  six  specifications 
were  reasonably  well  met,  although  the  models  had 
the  mechanical  shortcomings  inherent  in  crystal 
transducers. 

5 4 STEADY- STATE  ACOUSTIC  MARINE 
SPEEDOMETER 

Theory 

The  steady-state  acoustic  marine  speedometer 
[SAMS]  employs  two  transducers,  one  to  transmit 
and  the  other  to  receive.  They  are  mounted  beneath 
the  ship,  pointing  forward,  and  are  in  continuous 
operation.  Sound  transmitted  by  the  first  transducer 
(projector)  is  scattered  and  reflected  back  from  the 
water  and  is  received  by  the  second  transducer  (hy- 
drophone). Measurement  of  ship’s  speed  is  based  on 
the  doppler  shift  in  the  frequency  of  the  received 
sound. 

The  received  frequency  will  have  the  value 

/'  = / • (1) 


where  /'  = received  frequency, 

/ = transmitted  frequency, 

c = velocity  of  sound  in  water  (ap- 
proximately 2,900  knots), 

= velocity  of  the  receiver  relative  to 
the  water,  and 

Vg  = velocity  of  the  transmitter  relative 
to  the  water. 

If  the  ship  is  moving  at  a velocity  V with  the  hydro- 
phone trained  dead  ahead,  then  in  equation  (1), 
Vo  = V.  The  sound  from  the  projector  travels  for- 
ward and  is  scattered  by  the  water  back  toward  the 
hydrophone.  Thus  the  hydrophone  picks  up  sound 
which  appears  to  come  from  a projector  traveling 
with  velocity  V toward  it,  that  is,  in  the  direction 
opposite  to  that  in  which  the  ship  is  moving.  Hence, 
Vg  = — V,  and  equation  (1)  becomes 


The  doppler  frequency  shift  is 

r - f - f ■ (3) 

However,  c = 2,900  knots  (approximately),  which  is 
large  in  comparison  with  V.  Therefore,  c — V is 
nearly  equal  to  Cj  and  equation  (3)  may  be  written 

f - f ^ f . = 6.75  X c.  (4) 

Thus  the  doppler  is  directly  proportional  to  the 
speed  of  the  ship  and  can  be  used  as  a measure  of  it. 
If,  for  example,  a frequency  of  20  kc  is  substituted 
in  the  above  equation,  the  magnitude  of  the  doppler 
comes  out  to  be  13.5  c for  a ship’s  speed  of  1 knot. 

This  discussion  involves  the  approximation  that 
c — V very  nearly  equals  c.  At  40  knots  the  error 
would  be  1.40  per  cent;  at  10  knots,  0.35  per  cent. 
These  compare  with  the  maximum  error  of  0.1  per 
cent,  specified  in  Section  5.2.  There  are  two  other 
possibilities  of  error  which  are  more  fundamental  in 
nature.  One  of  these  is  dependent  on  the  medium, 
and  is  due  to  the  change  in  the  velocity  of  sound 
in  water  because  of  the  change  in  water  temperature. 
The  other  is  caused  by  variation  of  the  frequency 
of  the  oscillator  driving  the  transmitter. 
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Figure  1.  Circuit  of  SAMS  oscillator-amplifier. 


Circuit  Description 

The  oscillator-amplifier  used  for  transmitting  is 
shown  in  Figure  4.  This  unit  had  an  undistorted 
power  output  of  115  w for  a 1,000-ohm  load*  and  a 
frequency  range  of  from  17  to  140  kc.  The  receiver 
(Figure  5)  comprised  an  input  transformer,  two 
stages  of  tuned  amplification,  a diode  detector,  and 
a low-pass  filter.  Frequency  measurements  were  made 
with  a frequency  meter  (Figure  6)  that  operated  as 
a counter.  It  included  three  stages  of  limiting,  a 
differentiator,  a diode  rectifier,  and  a d-c  meter  lo- 
cated at  the  output  and  serving  as  an  indicator.  44ie 
limiters  produced  square  waves  from  the  input  sig- 
nal, which  were  differentiated  to  give  two  pips  per 
cycle.  The  direct  current  from  the  diode  rectifier 


was  then  proportional  to  the  rate  at  which  pips 
arrived  and  therefore  proportional  to  frequency. 

Operating  Principles 

The  oscillator-amplifier  output  was  connected  to 
a transducer  (projector)  that  radiated  sound  toward 
the  ship’s  bow.  A second  transducer  (hydrophone) 
mounted  adjacent  to  the  projector  received  the  re- 
flected and  scattered  sound  from  the  water  toward 
the  ship’s  bow  plus  some  of  the  directly  transmitted 
sound  resulting  from  direct  acoustic  coupling  be- 
tween the  transducers  (see  Figure  1).  The  receiver 
input  therefore  contained  the  original  transmitted 
frequency  plus  the  dopplerized  frequency  returned 
from  the  water.  The  output  of  the  detector  in  the 
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receiver  then  contained  only  the  irequency  corre- 
sponding to  the  doppler,  the  low-pass  hi  ter  having 
removed  the  carrier  frequencies.  The  frequency 
measured  by  the  frequency  meter  was  then  the  dop- 
pler, which  has  been  shown  to  be  proportional  to 
ship’s  speed. 

Experimental  Tests 

The  hrst  test  of  SAMS  produced  only  qualitative 
results. 5 The  main  difficulty  was  due  to  the  minia- 
ture cone-type  transducers,  whose  beam  patterns 
failed  by  a wide  margin  to  meet  the  pattern  speci- 
hcations.  Two  miniature  QC-type  transducers  were 
used  in  the  second  set  of  experiments. ^ The  quan- 
titative data  are  plotted  as  curve  1 in  Figure  7.  In 
further  tests,"^  the  same  transducers  were  pointed  in 
different  directions  for  the  various  runs  to  determine 
to  what  extent  the  results  might  depend  on  the  direc- 
tion of  the  transducer  faces  relative  to  the  direction 


of  the  ship’s  motion.  Data  from  these  tests  are  plotted 
in  curves  2,  3,  and  4 of  Figure  7. 

Another  transducer  set  used  consisted  of  a sim- 
ilar strut  containing  two  miniature  Rochelle  salt 
crystal  hydrophones  with  rubber  faces  (see  Figure 
3F).  The  results  obtained  were  by  far  the  best  in 
any  of  the  SAMS  experiments  using  small  trans- 
ducers. 

A third  pair  of  transducers  consisted  of  two  Brush 
C-13  4x4-in.  crystal  hydrophones,  mounted  in  a cyl- 
indrical can.  This  method  of  mounting  the  trans- 
ducers proved  to  be  unsatisfactory  because,  at  speeds 
above  6 knots,  the  equipment  exhibited  extreme 
vibration.  To  overcome  this  difficulty,  a streamline 
dome  was  added  and  better  results  were  obtained. 
These  data  are  plotted  in  Figure  8. 

Evaluation  of  Experiments 

The  data  plotted  in  Figures  7 and  8 are  typical 
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Figure  7.  Ship’s  sjjccd  vcmsus  frequcMicy  meter  reading— 
SAMS. 


of  all  the  results  obtained  with  SAMS.  It  is  obvious 
that  the  error  in  speed,  instead  of  the  specified  0.1 
per  cent,  is  5 to  10  per  cent. 

The  deviation  from  the  computed  curve  is  caused 
by  the  fact  that  the  frequency  meter  must  average 
a number  of  frequencies.  The  projector  sends  sound 
out  through  an  angle  determined  by  its  beam  width, 
and  the  hydrophone  likewise  receives  sound  from 
different  directions  because  of  its  beam  width.  The 
frequency  shift  of  the  received  sound  is  proportional 
to  the  cosine  of  the  angle  measured  between  the 
direction  from  which  the  sound  approaches  and  the 
direction  of  the  ship’s  motion.  Thus  the  composite 
signal  picked  up  contains  a spectrum  of  dopplerized 
frequencies  in  which  the  amplitudes  of  the  different 
components  may  vary  from  instant  to  instant  because 
of  the  variation  in  scattering  from  time  to  time  from 
any  particular  direction.  Ihe  average  frequency 
value  of  this  composite  signal  is  always  less  than  the 
value  computed  for  the  doppler  for  sound  arriving 
only  from  the  direction  of  ship’s  motion. 

1 he  frequency  meter  reading  is  the  average  of  this 
composite  signal.  There  are  a number  of  reasons 
why  this  average  may  fluctuate  as  a function  of  time 
and  as  a function  of  ship’s  speed.  The  amplitudes 
of  the  signal  components,  corresponding  to  various 
directions  for  the  received  sound,  may  vary  from 
time  to  time  and  cause  the  frequency  meter  to  ex- 
hibit fluctuations.  Also,  the  amplitude  variation  of 
a single  component  corresponding  to  a single  direc- 
tion may  appear  as  an  output  from  the  detector 
in  the  receiver,  since  it  rectifies  any  such  variation. 
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Figure  8.  Doppler  versus  speed  in  knots— SAMS. 


as  well  as  forms  the  difference  between  the  trans- 
mitted and  received  frequencies. 

Unfortunately,  these  two  difficulties  are  related  in 
such  a way  that  the  process  of  correcting  for  one 
tends  to  aggravate  the  other.  The  amplitude  varia- 
tion problem  can  be  eliminated  to  a considerable 
extent  by  examining  a large  volume  of  water.  How- 
ever, to  do  this,  the  transducer  beam  patterns  must 
be  wide,  with  the  result  that  frequency  fluctuations 
are  increased.  On  the  other  hand,  by  using  a pro- 
jector with  a narrow  beam  pattern,  a small  volume 
of  water  is  examined,  reducing  the  frequency  varia- 
tion problem  but  making  the  amplitude  fluctuations 
more  troublesome. 

If  these  effects  were  constant  and  independent  of 
ship’s  speed  and  the  particular  waters  in  which  the 
measurements  are  being  made,  then  some  averaging 
circuit  could  be  worked  out  that  would  reduce  the 
meter  fluctuations.  Such  fluctuations  are  obviously 
dependent  on  the  nature  of  the  water,  as  this  de- 
termines the  nature  and  variation  in  the  scattered 
sound.  Both  the  volume  of  the  water  and  the  dis- 
turbed surface  layer  are  influential  in  producing  the 
scattered  sound.  Also,  the  fluctuations  are  dependent 
on  ship’s  speed,  in  that  the  water  near  the  ship  is 
disturbed  by  the  ship’s  motion,  and  differently  at 
different  speeds;  some  of  the  sound  is  scattered  by 
this  disturbed  water. 

Proposals  for  Future  Development 

An  improvement  on  the  system  described  above 
would  be  a receiver  arranged  to  have  amplification 
and  limiting  prior  to  detection,  since  limiting  does 
away  with  most,  if  not  all,  of  the  amplitude  varia- 
tions in  the  signal.  A frequency-sensitive  circuit  sim- 
ilar to  a discriminator  would  be  required  in  place 


of  the  present  diode  rectifier,  and  a tuned  circuit 
should  be  used  just  ahead  of  the  discriminator  to 
take  out  the  harmonics  introduced  in  the  limiting 
process.8 

Another  scheme  for  further  development  of  the 
SAMS  eliminates  the  necessity  of  using  both  a trans- 
mitting and  a receiving  transducer.^  Instead,  a sin- 
gle magnetostriction  transducer  is  proposed  consist- 
ing of  a tube  ^ of  a wavelength  long,  mounted  on 
a diaphragm  which  transmits  the  sound  to  the  water. 
The  primary  advantages  of  this  scheme  are  the  use 
of  a single  transducer  and  of  a single  electronic  cir- 
cuit for  transmission  and  reception. ^ 

Another  proposed  scheme  makes  use  of  a receiving 
transducer  whose  output  is  amplified  and  shifted  in 
frequency  by  a known  amount  and  then  transmitted 
on  a second  transducer.^  Such  a system  operates  in 
a steady-state  manner  if  the  frequency  offset  in  the 
electronic  part  of  the  circuit  is  equal  to  the  frequency 
shift  in  the  water  resulting  from  doppler.^^ 


55  ACOUSTIC  MARINE  PINGING 
SPEEDOMETER 

Theory 

The  acoustic  marine  pinging  speedometer  [AMPS] 
also  utilizes  the  doppler  shift  in  frequency  resulting 
from  the  relative  motion  of  the  ship  with  respect  to 
the  water.  The  theory  developed  for  the  SAMS  ap- 
plies equally  well  to  the  AMPS. 

Equipment 

The  following  were  built  for  use  in  the  AMPS 
system:  a one-way  combined  receiver-transmitter,  in- 
corporating a keying  oscillator  to  trigger  the  trans- 
mitter; the  transmitter  itself;  a tuned  receiver  in- 
cluding a detector  and  low-pass  filter;  and  suitable 
power  supplies  (see  Figure  9).  Primarily  on  account 
of  leakage  from  the  transmitter  to  the  receiver,  how- 
ever, another  receiver  and  transmitter  were  built  in 
separate  units.  A keying  relay  was  used  rather  than 
triggering  the  transmitter  with  a pulse  and  blanking 
the  receiver  at  the  same  time.  The  wiring  diagrams 
of  these  units  are  given  in  Figures  10  and  11.  The 
measurement  of  frequency  was  carried  out  using 
the  SAMS  frequency  meter.  Only  one  transducer  is 
used. 

During  the  transmitting  period  the  transducer  is 
energized  from  the  transmitter  and  emits  sound  to- 
ward the  ship’s  bow.  During  this  period  the  receiver 
is  blanked  so  that  no  signal  reaches  the  frequency 
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Figure  9.  Circuit  of  AMPS  oscillator-receiver  and  power  supplies. 


meter.  On  reception  the  transmitter  is  turned  ofT, 
the  transducer  is  connected  to  the  receiver,  and  the 
receiver  then  operates.  A small  voltage  of  transmitted 
frequency  is  injected  into  the  receiver  to  beat  with 
the  reverberation  signal  being  received.  I’he  fre- 
quency of  the  receiver  output  is  then  the  doppler 
shift,  the  two  carrier  frequencies  having  been  re- 
moved by  the  low-pass  filter. 

Experimental  Tests 

In  the  first  test  of  AMPS,!^  the  ship’s  QC  pro- 
jector was  trained  ahead  and  the  reverberation  fre- 
quency determined  by  varying  the  output  of  a sepa- 
rate oscillator  to  match  it  in  pitch.  Since  the  trans- 
mitted frequency  was  known,  the  doppler  could  be 
calculated  and,  from  it,  the  ship’s  speed. 

The  values  thus  obtained  agreed  within  0.1  knot 
with  those  obtained  by  clocking  the  ship  between 
buoys  which  were  a known  distance  apart. 

The  next  test  was  an  unsuccessful  one  using  a 
miniature  cone-type  transducer  and  the  combination 
transmitter-receiver. 

A series  of  tests  was  run  next,  using  a ship’s  QC 


e(piipment.i2  Some  of  these  ex})eriments  were  con- 
ducted not  simply  to  measiire  speed,  but  to  investi- 
gate the  effect  on  the  reverberation  frequency  read- 
ing of  the  length  of  time  during  which  sound  was 
being  received.  In  making  these  tests,  a ping  of 
transmitted  signal  was  sent  out  and,  at  some  speci- 
fied later  instant,  the  output  of  the  receiver  was 
applied  to  the  frequency  meter  for  a given  time 
interval  and  then  removed.  This  time  interval  was 
called  a gate  length  and,  because  of  the  range  scale 
calibration  of  the  QC  equipment,  coidd  be  expressed 
conveniently  in  terms  of  yards  of  travel  of  the  sound. 
The  results  of  a series  of  such  measurements  taken 
with  the  ship  at  anchor  are  plotted  in  Figure  12. 
The  second  set,  shown  in  Figure  13,  was  made  with 
the  ship  moving  at  12  knots.  Figure  14  gives  a typical 
curve  of  speed  versus  reverberation  frequency.  The 
30-yd  gate  length  was  chosen  on  the  basis  of  the 
data  shown  in  Figures  12  and  13.  The  values  of 
speed  used  in  the  experimental  curve  were  estimated. 
The  vertical  lines  through  these  points  indicate  an 
estimate  of  accuracy  in  judging  speed.  The  horizontal 
lines  show  the  frequency  meter  range  of  fluctuation. 
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All  these  measurements  were  found  to  be  quite  er- 
ratic, particularly  for  the  shorter  gate  lengths. 

Further  tests  were  made  using  the  separate  trans- 
mitter and  receiver  chassis  and  a Brush  C-13  hydro- 
phone mounted  in  a streamline  housing.  The  data 
obtained  were  largely  qualitative,  with  the  frequency 
meter  readings  fairly  steady  but  not  necessarily  pro- 
portional to  speed.  Some  of  these  data  are  plotted 
in  Figure  15. 

Observations  made  using  a cathode-ray  oscillo- 
scope revealed  three  facts:  (1)  only  at  the  very  be- 
ginning of  the  receiving  period  was  the  reverbera- 
tion strong  enough  to  actuate  the  frequency  meter; 

(2)  amplifier  noise  contributed  to  the  meter  reading; 

(3)  switching  transients  affected  the  meter  reading. 

Evaluation  of  Experiments 

The  very  obvious  lack  of  accuracy  exhibited  by 


the  curves  of  Figures  12  to  15  indicated  the  need 
for  careful  consideration  of  the  reasons  behind  these 
poor  results.  An  analysis  of  this  problem^^  largely 
resolved  itself  into  a matter  of  answering  the  fol- 
lowing questions: 

1.  Exactly  what  does  the  frequency  meter  read? 

2.  What  factors  might  cause  the  meter  readings  to 
vary  while  the  ship’s  speed  remains  constant? 

3.  What  factors  might  cause  the  reverberation  as 
received  from  the  water  to  contain  frequency  fluctu- 
ations? 

4.  How  large  an  error  is  introduced  into  the  read- 
ing if  the  meter  receives  one  pip  more  or  less  than 
the  normal  number  per  time  interval? 

Since  the  reasoning  involved  in  this  analysis  is 
pertinent  to  the  entire  AMPS  problem,  it  is  pre- 
sented here  in  some  detail,  under  headings  corre- 
sponding to  the  above  questions. 
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What  the  Frequency  Meter  Reads.  I'hc  lrc([uenc:y 
meter  was  used  here  as  a cycle  counter.  As  explained 
in  Section  5.4,  scpiare  waves  were  produced  Irom  the 
input  signal  by  means  ol  limiters  in  the  Irecjuency 
meter,  d'hese  waves  were  limited  to  a fixed  value 
and  then  dilierentiated  to  give  two  j)ij)s  per  cycle. 
Each  pip  produces  a pip  of  rectified  current  through 
the  meter,  d’he  meter  reading  depends  on  the  num- 
ber of  pips  received.  P'or  example,  let  the  minimum 
integration  period  of  the  meter  be  d.  I'hen  if  N' 
equally  spaced  pips  are  received  during  d,  a definite 
indication  is  produced  by  the  fretjuency  meter.  Ehis 
indication  is  the  same  for  each  application  of  the 
N pips  during  the  period  d.  Now  if  these  applica- 


tions occur  periodically  at  intervals  of  time  c (less 
than  d),  then  the  frccpicncy  meter  gives  a dilfereni 
but  still  a definite  indication.  In  other  words,  there 
is  no  uncertainty  or  ambiguity  concerning  ihe  fre- 
(|uency  meter  readings  in  such  cases. 

Factors  That  Could  Produce  Variatio7is  in  Meter 
Readings.  Any  of  the  following  factors  could  pro- 
duce fluctuations  in  the  meter  reading  since,  as 
shown  in  the  |)receding  j^aragraph,  the  reading  is 
jiroporticjnal  to  the  number  of  pips  received  per 
time  interval. 

1.  Any  increase  or  decrease  in  the  number  of  j)ips 
N,  received  in  time  d over  the  various  periodic  in- 
tervals c. 
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Figure  12.  Reverl)eiation  in  relative  knots  versus  distance  Figure  1 1.  l)oj)|)ler  shift  versus  ship’s  speed— AMPS, 

in  yards  with  ship  at  rest— AMPS. 


2.  Any  variation  in  the  length  of  d over  successive 
intervals. 

3.  Any  variation  from  time  to  time  in  the  length 
of  c. 

4.  Any  variation  in  the  spacing  of  the  N'  pips  such 
as  might  occur  if  the  signal  applied  to  the  frequency 
meter  is  not  completely  limited  to  the  fixed  value. 

5.  Various  electronic  difficulties,  including  im- 
proper limiting,  lag  in  the  meter,  and  variation  of 
circuit  components  with  voltage  changes  or  with 
time. 

6.  Certain  mechanical  troubles,  such  as  variations 
in  the  distance  of  gating. 

Factors  Causmg  Fluctuation  in  Keverberation 
Frequency.  The  reverberation,  as  it  is  received  from 
the  water,  may  fluctuate  in  frequency  for  the  fol- 
lowing reasons: 
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1.  The  angular  beam  pattern  by  its  very  nature 
introduces  a continuous  spectrum  of  frequencies  due 
to  doppler  effect.  If,  for  example,  the  pattern  is  X 
degrees  wide  6 db  down  from  maximum  response, 
then  the  frequencies  within  that  angle,  when  the 
hydrophone  is  trained  dead  ahead,  cover  the  range 
from  the  ping  frequency  fo  to  fo  cos  X.  (If  amplitude 
fluctuations  discussed  in  the  next  paragraph  are  pres- 
ent, the  frequency  variation  may  be  still  further  in- 
creased.) 

2.  Variations  in  amplitude  of  the  received  signal 
can  affect  the  reading  of  the  frequency  meter.  If  the 
amplitude  of  a constant  frequency  signal  falls  below 
a certain  value,  the  meter  reads  incorrectly,  where- 
as for  levels  above  this  limiting  value,  it  always  reads 
correctly.  Rapid  fluctuations  in  amplitude,  above 
and  below  this  value,  distort  the  waveform  applied 
to  the  meter  and  introduce  spurious  pips,  nullify 
legitimate  ones,  or  produce  irregular  spacing  in  the 
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Figure  13.  Reverberation  in  relative  knots  versus  distance  Figure  15.  Ship’s  speed  versus  frequency  meter  reading- 
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pips  received.  Relatively  slow  variations  which  do 
not  distort  the  wavetorin  are  in  most  cases  limited 
out. 

3.  Because  of  the  nature  of  the  medium  and  its 
motions,  the  actual  doppler  shift  may  differ  from 
that  which  was  calculated  on  the  assumption  that  the 
water  would  provide  a uniform  scattering  medium. 
Most  important  in  this  respect  is  refraction  of  the 
sound  beam  due  to  temperature  gradients.  I'he  wind 
moves  some  of  the  surface  water  along,  introducing 
spurious  velocity  components.  Reverberation  Iroin 
the  bottom  would  produce  incorrect  Irequencies  be- 
cause of  tide  and  ocean  current  effects.  I'hese  Ire- 
tjuency  distortions  usually  cause  phase  distortion, 
which  is  present  when  the  relation  between  fre- 
tpiency  and  phase  angle  is  not  linear.  Since  it  is  the 
ship’s  velocity  with  respect  to  the  water  that  is  de- 
sired, the  gate  must  be  restricted  to  include  only 
the  region  very  close  to  the  ship.  Otherwise  rever- 
berations may  enter  from  surface  layers  and  from 
the  bottom. 

Error  Introduced  by  Reception  of  One  Pip  Too 
Many  or  One  Too  Few.  The  principle  of  uncertainty 
in  acoustics  may  be  interpreted,  in  the  present  case, 
as  indicating  an  unavoidable  uncertainty  of  one  in 
the  number  of  pips  (or  cycles)  that  are  observed  in 
any  finite  time  interval.  I'he  physical  basis  of  this 
uncertainty  may  be  illustrated  by  pointing  out  that 
the  gated  interval  may  not  contain  an  exactly  in- 
tegial  number  of  cycles  of  the  received  fret[uency, 
and  that  there  is  no  control  over  the  phase  of  the 
received  frequency  at  the  initial  or  final  instants  of 
the  gated  interval.  The  variable  transients  associated 
with  the  start  and  finish  of  the  time  interval  may, 
therefore,  be  such  as  to  lead  to  the  reception  of  one 
pip  more  or  less,  even  though  the  time  interval  it- 
self remains  perfectly  constant. 

It  can  be  shown^  that  in  order  to  obtain  the  nec- 
essary instrumental  accuracy  with  a 10-yd  gate  length, 
the  transmitted  fretpiency  must  be  raised  to  about 
1 megacycle,  in  which  case  the  instrumental  error 
is  certainly  somewhat  less  than  other  errors. 

Proposals  for  Future  Development 

In  line  with  the  preceding  discussion  of  the  evalu- 
ation of  the  experiments,  an  improved  system  can 
be  proposed  for  the  pinging  speedometer,  utilizing 
the  same  general  scheme  described  for  the  AMPS. 
In  order  to  obtain  the  necessary  instrumental  accu- 
racy in  speed  measurement,  the  frequency  should  be 


increased  to  the  order  of  1 megacycle.  The  use  of 
a higher  frequency  limits  the  maximum  range  be- 
cause of  attenuation  and  therefore  also  increases 
ship  security.  A range  gate  should  be  provided  to 
limit  reception  to  a specific  value  of  range  some 
distance  ahead  of  the  ship.  The  transducer  should 
be  pointed  somewhat  downward  from  the  horizontal 
so  that  none  of  the  sound  rays  can  impinge  on  the 
water  surface  or  the  ship’s  bottom,  d'his  avoids  er- 
roneous readings  caused  by  distorted  layers  of  water 
near  the  surface  or  by  the  lack  of  doppler  from  the 
bottom  of  the  ship.  Refinement  of  design  of  the  elec- 
tronic equipment  is  indicated  to  avoid  disturbance 
from  switching  transients  and  to  provide  a steadier 
reading  of  the  fretpiency  meter  for  an  intermittent 
input. 

5 « PHASE  ACOUSTIC  MARINE 

SPEEDOMETER 

I'lIEORY 

The  phase  acoustic  marine  speedometer  [PAMS] 
employs  two  transducers,  arranged  to  face  each  other 
along  a line  parallel  to  the  ship’s  keel.  One  of  these 
transmits,  the  other  receives.  Unlike  the  two  speed- 
ometers previously  discussed,  measurement  of  speed 
is  based  on  the  j)hase  shift  introduced  by  the  water 
path  between  the  transducers.  This  phase  shift  can 
be  shown  to  be  a function  of  ship’s  speed  as  follows: 

Assume  the  ship  to  be  at  rest  with  the  two  trans- 
ducers arranged  facing  each  other  and  one  directly 
forward  of  the  other.  The  phase  lag  due  to  the 
water  path  is 

(5) 

where  = phase  lag  in  radians, 

oi  = angular  fretjuency  in  radians  per  sec- 
ond, 

L = distance  between  the  transducers  in  cen- 
timeters, and 

c = speed  of  sound  in  water  in  centimeters 
per  second. 

If  the  ship  is  moving  forward  with  speed  T centi- 
meters per  second,  the  frequency  received  is  the  same 
but  the  phase  lag  caused  by  the  water  becomes 

^'  = 7^'  (6) 
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The  difference  in  phase  caused  by  the  ship’s  mo- 
tion is 


a>LV 

c(c  - V)’ 


0) 


But  since,  lor  the  range  of  speeds  considered,  c — V 
nearly  etpials  c,  the  phase  difference  may  be  written 


27r/LF 

c2 


(8) 


where  / = frequency  in  cycles  per  second. 

When  values  of  constant  quantities  and  conver- 
sions are  inserted,  this  difference  becomes 

«/)'-«/)  = 0.435  X 10-«  fLV  radians,  (9) 

where  / is  in  cycles  per  second,  L is  in  feet,  and  V is 
in  knots. 

Possibilities  of  error  are: 

1.  The  assumption  that  c — V nearly  equals  c. 

2.  Change  in  water  temperature. 

3.  Variation  of  frequency  in  the  oscillator  which 
drives  the  transmitter. 

Equipment 

The  electronic  unit  for  the  PAMS  did  not  go  be- 
yond the  blueprint  stage  and  experiments  carried 
out  used  speedometer  hydrophones  with  standard 
laboratory  equipment,  as  well  as  a QC  echo-ranging 
gear. 

Experimental  Work 

Two  series  of  experiments  were  carried  out  on  the 
PAMS,  fn  the  first  of  these,  a crystal  1x1- in.  trans- 
ducer was  used  as  a projector  and  a miniature  cone 
transducer  was  used  as  a hydrophone.  The  projector 
was  driven  from  a small  power  amplifier  while  the 
hydrophone  output  was  amplified  and  led  to  one 
pair  of  plates  of  a cathode-ray  oscilloscope.  The 
oscillator  output  was  applied  to  the  other  pair  of 
plates,  and  the  resulting  pattern  gave  a measure  of 
the  phase  between  the  transmitted  and  received  sig- 
nals. The  oscillator  frequency  was  not  sufficiently 
stable  to  allow  accurate  measurements,  and  there  was 
too  much  relative  motion  between  the  two  trans- 
ducers because  they  were  not  solidly  mounted  to  the 
ship’s  hull.  As  a result,  only  qualitative  observations 
could  be  made  of  the  phase  shift,  but  there  did  ap- 
pear to  be  a definite  change  as  the  ship’s  speed  was 
varied. 

fn  the  second  set  of  measurements,  a QC  projector 
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Figure  16.  Ship’s  speed  versus  phase  shift— PAMS. 


was  used  as  transmitting  transducer,  and  an  installed 
sound  gear  monitor  [fSGMJis  was  used  to  receive. 
The  monitor  output  was  amplified  and  applied  to 
one  pair  of  plates  of  the  cathode-ray  oscilloscope.  The 
driver  output  of  the  QC  projector  was  applied  to  a 
variable  lag  line  and  the  output  from  the  line  ap- 
plied to  the  second  pair  of  plates  of  the  oscilloscope. 
By  adjusting  the  amount  of  phase  lag  in  the  lag  line, 
a straight-line  pattern  could  be  obtained  on  the 
cathode-ray  tube  and  the  value  of  phase  shift  from 
one  ship’s  speed  to  another  could  be  obtained. 

Evaluation  of  Experiments 

Figure  16  shows  the  results  of  the  measurements 
described  above.  The  experimental  values  obtained 
are  by  no  means  accurate,  probably  because  the 
waveform  was  poor  at  both  the  QC  projector  anc| 
the  fSGM  output,  so  that  it  was  impossible  to  ob- 
tain a straight  line  on  the  cathode-ray  tube  for  ref- 
erence. This  waveform  was  complicated  by  the  pres- 
ence of  spurious  pickup  due  to  ground  loops.  The 
finest  division  on  the  variable  lag  line  was  5 degrees,, 
limiting  the  potential  accuracy.  Moreover,  the  out- 
put frequency  of  the  QC  projector  did  not  remain 
constant  during  the  measurement. 

Proposals  for  Future  Development 

An  improved  acoustic  phase  speedometer^®  would 
use  two  transducers,  one  placed  ahead  of  the  other, 
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each  having  flat  phase  shift  versus  frequency  char- 
acteristics. Readings  of  phase  shift  due  to  the  water 
path  would  be  taken,  first  using  one  transducer  to 
transmit  and  the  other  to  receive,  and  then  with  the 
functions  of  the  two  interchanged.  The  difference 
between  such  a pair  of  readings  would  be  independ- 
ent of  change  in  the  speed  of  sound  in  water  (and 
hence  of  temperature)  and  of  change  in  the  driving 
frequency.  1 his  difference  coidd  be  obtained  auto- 
matically and  quickly  by  suitable  servomechanisms, 
which  would  operate  the  necessary  switch  for  inter- 
changing the  transducers  and  would  balance  a phase- 
indicating  device. 

The  principle  of  the  change  in  phase  due  to  the 
water  path  may  be  used  to  cause  two  other  meas- 
urable effects.  The  firsti"^  proposes  measurement  of 
a voltage,  obtained  from  the  combination  of  the 
transmitted  and  received  signals.  Two  transducers 
are  placed  in  the  water,  one  in  front  of  the  other, 
acting  respectively  as  transmitting  and  receiving 
units.  The  received  signal  is  amplified  to  a definite 
voltage  and  is  made  to  beat  with  an  equal  voltage 


from  the  driver  oscillator.  The  resultant  voltage  is 
made  zero  with  the  ship  at  rest  by  a proper  choice 
of  frequency  and  of  distance  between  transducers. 
When  the  ship  moves,  the  phase  difference  between 
the  signals  changes  because  of  the  change  in  phase 
through  the  water,  and  the  voltage  of  the  combined 
signal  is  approximately  proportional  to  the  sine  of 
the  phase  difference  produced  by  the  motion. 

Idle  second  method^o  ai^o  employs  separate  trans- 
mitting and  receiving  transducers.  These  are  con- 
nected in  the  circuit  of  a phase-controlled  oscillator, 
whose  frequency  of  oscillation  would  then  be  varied 
with  variations  in  phase  due  to  the  water  path  be- 
tween the  two  transducers.  Thus  a measure  of  ship’s 
speed  would  be  given  by  measurement  of  the  oscil- 
lator frequency. 

As  compared  with  the  two  speedometers  based  on 
doppler  shift,  the  phase  speedometer  would  appear 
to  involve  the  greatest  complexity  in  apparatus  and 
to  offer  greater  difficulty  in  development.  It  is  likely 
that  these  handicaps  would  be  outweighed  by  the 
advantages  of  the  direct  transmission  path. 
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Echo  Repeater 

The  echo  repeater  as  developed  byNRL,  UCDWR, 
and  HUSL  is  an  artificial  target  designed  to  simulate 
the  reflection  properties  of  an  actual  vessel.  Thus, 
echo-ranging  equipment  may  be  tested  economically 
and  with  some  measure  of  control  over  the  target. 
The  device  consists  of  a hydrophone  and  a projector, 
coupled  by  an  amplifier.  In  use,  the  repeater  is  sus- 
pended  or  towed  below  the  surface  of  the  water  at 
some  distance  from  the  ship  whose  gear  is  being 
checked.  A ping  emitted  by  the  echo-ranging  pro- 
jector is  picked  up  by  the  hydrophone,  amplified  and 
retransmitted  to  act  as  an  echo  for  the  pinging  vessel. 


61  INTRODUCTION 

The  ultimate  measure  of  performance  for  both 
sonar  personnel  and  sonar  equipment  is  effi- 
ciency in  the  detection  of  neighboring  ships.  How- 
ever, during  the  period  of  personnel  training  or 
equipment  development  when  very  frequent  use  of 
echo-ranging  gear  is  necessary,  it  is  extremely  ex- 
pensive to  employ  surface  craft  or  submarines  as 
targets.  Moreover  it  is  difficult  to  maintain  adequate 
control  over  the  movements  and  the  echo-reflecting 
strength  of  a target  vessel  throughout  the  duration 
of  a training  or  testing  session.  For  these  reasons, 
various  laboratories  of  the  National  Defense  Re- 
search Committee  became  actively  engaged  in  the 
development  of  artificial  echo-ranging  targets  at  a 
very  early  date.  Practice  targets  for  use  in  the  train- 
ing of  sonar  personnel  became  a primary  concern 
of  the  program  initiated  by  the  University  of  Cali- 
fornia at  its  San  Diego  Laboratory.  On  the  other 
hand,  the  main  objective  of  the  somewhat  later  in- 
vestigation undertaken  by  Harvard  was  the  devel- 
opment of  targets  which  would  be  suitable  instru- 
ments for  the  testing  and  calibration  of  sonar  equip- 
ment. 

Artificial  targets  comprise  two  types:  (1)  the  so- 
called  passive  targets  and  (2)  the  so-called  echo  re- 
peaters. Passive  targets  consist  of  materials  having 


Figure  1.  An  HUSL  Echo  repeater  (Smecho  1). 


a different  acoustic  impedance  from  that  of  water 
and  a structural  form  designed  to  provide  surfaces 
with  effective  reflection  properties.  Various  plane, 
spherical,  and  cylindrical  structures  of  bubble  fiber, 
metal,  and  other  materials  have  been  tried.  Of  these 
a hollow  steel  sphere  and  a steel  triplane  arrange- 
ment covered  with  bubble  rubber  are  the  only  ones 
with  which  any  satisfactory  results  were  obtained. 

Because  of  their  relatively  small  size,  the  diffi- 
culty of  towing  them,  and,  in  the  case  of  the  tri- 
planes, the  stringent  accuracy  of  construction  re- 
quired, passive  targets  are  generally  used  only  in  sta- 
tionary tests  and  have  been  largely  replaced  by  echo 
repeaters  when  extensive  target  service  is  required. 

The  echo-repeater  type  of  target  consists  essen- 
tially of  two  transducers  coupled  by  an  amplifier 
(see  Figure  2).  One  of  the  transducers  receives  sig- 
nals which  the  other  transmits  or  “repeats”  after 
they  have  been  amplified.  In  the  testing  procedure, 
the  echo  repeater  is  suspended  or  towed  below  the 
surface  of  the  water  at  some  distance  from  the  ship 
whose  gear  is  being  checked.  A ping  emitted  by  the 
echo-ranging  projector  is  picked  up  by  the  receiving 
transducer  of  the  repeater,  amplified,  and  retrans- 
mitted to  act  as  an  echo  for  the  sonar  gear. 

Echo  repeaters  may  be  broadly  classified  as  tow- 
able  or  nontowable.  With  the  towable  type,  an  ob- 
servable doppler  shift  may  be  obtained  at  the  proper 
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Figure  2.  Block  diagram  of  typical  echo  repeater  circuits. 


POWER  SUPPLY  CIRCUITS 


speed.  For  the  nontowable  type,  doppler-shifting  cir- 
cuits have  been  designed  so  that  the  stationary  re- 
peater can  provide  an  up  or  down  doppler  in  its 
echo  as  desired.  Within  these  two  types,  the  various 
models  differ  from  one  another  in  still  other  respects, 
such  as:  the  type  of  transducers  used,  piezoelectric 
or  magnetostrictive;  the  operating  frequency,  rang- 
ing from  about  13  to  60  kc;  and  the  location  of  the 
amplifier  unit,  whether  completely  on  the  deck  of 
the  vessel,  completely  in  a self-contained,  battery- 
operated  repeater  assembly,  or  partly  on  deck  and 
partly  in  the  transducer  assembly.  The  design  con- 
siderations involved  in  these  differences  and  the  de- 
tailed description  of  various  models  of  echo  repeater 
are  presented  in  succeeding  sections  of  this  chapter. 

The  first  attempts  to  devise  an  electroacoustic 
artificial  sonar  target  were  made  by  the  Naval  Re- 
search Laboratory.  The  method  employed  involved 
a transducer  which,  upon  receipt  of  the  outgoing 
sonar  pulse,  initiated  the  action  of  a local  oscillator 
which  transmitted  an  “echo”  pulse.  This  target  was 
unsatisfactory  since  the  echo  did  not  provide  a real- 
istic simulation  of  the  frequency,  duration,  and  am- 
plitude of  the  signal  received  by  the  target.  Engineers 
of  the  San  Diego  Laboratory  of  the  University  of 
California  Division  of  War  Research  then  improved 
upon  this  design  by  providing  sufficient  isolation 


between  the  receiving  and  transmitting  transducers 
to  permit  them  to  be  coupled  directly  by  a suitable 
amplifier.  The  development  of  a group  of  practice 
targets  which  proved  satisfactory  for  personnel  train- 
ing in  the  Pacific  area  was  the  final  outcome  of  the 
work  at  San  Diego.  Late  in  1942  the  investigation 
of  echo  repeaters  was  established  as  an  individual 
project  in  the  program  at  the  Harvard  Underwater 
Sound  Laboratory  [HUSL],  and  San  Diego  then 
made  its  various  models  available  to  HUSL  for  test- 
ing in  Atlantic  waters  and  for  the  assistance  of  the 
Harvard  group  in  its  development  of  repeaters  for 
equipment  testing  and  calibration. 

The  first  HUSL  echo  repeater,  known  as  Fecho, 
,was  similar  in  design  to  the  San  Diego  Model  SR-2. 
It  consisted  of  a torpedo-like  body  to  which  two 
piezoelectric  transducers  were  attached,  and  a sepa- 
rate amplifier  mounted  on  the  vessel  towing  the 
transducer  assembly.  Depressor  vanes  on  this  assem- 
bly caused  it  to  be  submerged  when  towed.  While 
some  success  was  achieved  in  the  operation  of  the 
Fecho  repeater,  the  difficulties  of  maneuvering  its 
large  size  and  weight  stimulated  the  design  of  a 
less  unwieldy  model. 

Accordingly,  the  construction  of  a series  of  smaller, 
towable  echo  repeaters,  called  Smechoes,  was  under- 
taken. The  transducer-supporting  body  of  these 
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models  was  similar  to  the  torpedo-shaped  Fecho, 
except  for  size  and  weight.  A number  of  tests  and 
modifications  were  made  with  these  repeaters  but 
since  fully  satisfactory  results  were  never  obtained, 
a fresh  start  was  finally  inaugurated  with  an  investi- 
gation of  repeater  assemblies  of  simplified  design. 
Ring-stack  magnetostriction  transducers  possessing 
much  greater  efficiencies  than  the  usual  magneto- 
strictive  type  became  available  at  this  time  and  were 
incorporated  in  these  new  repeaters.  Successful  re- 
sults were  obtained  in  the  tests  which  followed  and 
apparently  the  transducer  improvement  was  largely 
responsible.  This  is  borne  out  by  the  fact  that  a 
Smecho  model,  after  being  altered  to  use  the  ring- 
stack  transducer,  also  gave  satisfactory  performance. 

Toward  the  end  of  the  Harvard  development  pro- 
gram, the  electronic  equipment  and  transducer  as- 
sembly for  a deep-water  echo  repeater  were  designed 
and  constructed  at  the  request  of  the  Navy.  The 
self-contained,  battery-operated  type  of  unit  found 
necessary  for  this  project  was  installed  in  a torpedo- 
shaped hull  furnished  by  ASDevLant.  The  com- 
pleted repeater,  known  as  the  Whale,  was  capable 
of  being  towed  at  depths  down  to  2,000  ft  and  gave 
satisfactory  results  when  echo-ranging  was  carried  on 
with  a tiltable  projector. 

It  is  recommended  that  future  work  be  directed 
toward  the  establishment  of  manufacturing  designs 
and  specifications  based  on  the  existing  types  of  re- 
peater, and  toward  the  development  of  a delayed- 
action  type  of  repeater  which  apparently  would  be 
very  valuable  in  several  additional  investigations  that 
have  been  proposed. 

62  GENERAL  DESIGN  CONSIDERATIONS 

Before  a detailed  description  of  various  echo  re- 
peaters is  given,  some  general  problems  involved 
in  their  design  are  discussed. 

Stationary  Repeaters 

The  stationary  repeaters,  which  have  been  used 
in  general  only  for  shallow  depths  up  to  30  ft,  rep- 
resent the  simplest  design.  Two  transducers  sepa- 
rated a short  distance  vertically  are  suspended  over- 
side a vessel.  The  transducer  leads,  relatively  short, 
are  connected  to  a deck  amplifier.  Gain  adjustments 
and  connections  to  the  ship’s  generator  power  sup- 
ply are  readily  made  by  the  operator,  with  no  com- 


plications of  voltage  regulation  or  magnetic  cou- 

pling. 

Towable  Repeaters 

When  a transducer  assembly  is  towed  through  the 
water,  the  hydrodynamic  forces  are  such  that  the 
depth  to  which  the  transducers  are  submerged  is 
usually  only  a fraction  of  the  length  of  the  towing 
cable.  The  depth  of  submersion  depends  mainly  on 
the  following  factors:  the  buoyancy  (positive  or  nega- 
tive) of  the  transducer  assembly,  its  diving  vane  de- 
sign, the  length  of  the  towing  cable,  and  the  speed 
of  towing. 

The  advantage  of  using  a body  having  a positive 
buoyancy  is  that  it  is  more  easily  handled.  Other 
things  being  equal,  less  force  is  required  to  tow  it, 
and,  when  the  towing  stops,  it  comes  to  the  surface 
of  its  own  accord.  In  a shallow  harbor  this  is  dis- 
tinctly useful,  since  a negatively  buoyant  body  is 
apt  to  settle  to  the  bottom  at  a quick  stop  and  be- 
come entangled  with  the  debris.  On  the  other  hand, 
it  is  difficult  to  attain  depths  of  over  50  ft  with  a 
positively  buoyant  body,  even  if  the  area  of  the  div- 
ing vanes  is  made  relatively  large. 

The  length  of  the  conductor  cables  of  a towed 
repeater  involves  difficulties  of  voltage  regulation 
and  coupling  between  the  leads  if  deck-mounted 
electronic  units  are  used.  Careful  design  has  made: 
it  possible  to  develop  a deck  electronic  system  using 
cable  lengths  of  several  hundred  feet.  In  some  cases 
it  was  found  advantageous  to  place  a preamplifier 
within  the  transducer  assembly  to  reduce  the  dif- 
ference in  the  power  levels  of  the  cable  conductors. 
In  one  of  the  later  HUSL  designs  of  echo  repeaters, 
all  amplifier  components  but  one  attenuation  con- 
trol and  the  power  supply  are  included  within  the 
transducer  body,  the  deck  attenuation  allowing  a 
variation  of  29  db. 

For  depths  of  the  order  of  1,000  ft,  it  becomes  nec- 
essary to  make  the  repeater  completely  self-contained. 
It  must  be  sufficiently  heavy  and  equipped  with  the 
proper  depressing  vanes  so  that  enough  downward 
force  is  developed  to  neutralize  the  lift  of  the  cable 
(about  1 mile  in  length).  The  electronic  circuit  must 
be  operated  by  batteries  and,  because  of  the  heavy 
drain  of  polarizing  current,  the  use  of  permanent 
magnets  for  polarization  or  of  Permendur  transduc- 
ers, requiring  only  an  initial  magnetization,  is  of 
great  advantage.  An  automatic  switch,  operated  by 
hydrostatic  pressure  at  a preset  value  is  also  desir- 
able. For  such  depths  it  is  necessary  to  use  sufficient 
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wall  thickness  and  proper  seals  for  the  chamber  con- 
taining the  electronic  equipment  so  that  it  can  with- 
stand the  extreme  pressures  encountered. 

Another  factor  to  be  considered  in  the  design  of 
a towable  repeater  body  is  its  hydrodynamic  stability. 
Because  of  the  limitations  of  the  vertical  sensitivity 
patterns  of  most  transducers,  it  is  desirable  to  re- 
strict the  roll  and  pitch  of  the  transducer  assembly 
to  a few  degrees.  For  investigation  of  shallow  opera- 
tion stability  an  extra  conductor  may  be  connected 
between  an  indicating  meter  in  the  deck  electronic 
equipment  and  a pendulum  potentiometer  in  the 
towed  body.  Care  must  be  exercised  in  choosing  a 
meter  of  the  proper  periodicity. 

Transducers 

The  features  of  transducer  design  to  be  considered 
are  (1)  type,  whether  piezoelectric  or  magnetostric- 
tive,  (2)  frequency  response,  (3)  horizontal  and  verti- 
cal directional  patterns,  and  (4)  efficiency.  Piezoelec- 
tric transducers  were  found  satisfactory  in  the  San 
Diego  repeaters  which  were  employed  in  the  waters  of 
the  Pacific.  At  HUSL,  however,  transducers  for  echo 
repeaters  have  been  selected  almost  entirely  from 
the  magnetostrictive  type  on  account  of  the  tem- 
perature sensitivity  of  piezoelectric  transducers  and 
the  relatively  wide  variations  in  water  temperatures 
in  the  Boston  area. 

Types  of  Piezoelectric  1'ransducers 

The  San  Diego  piezoelectric  transducers  consisted 
essentially  of  45-degree,  x-cut  Rochelle  salt  crystal 
stacks.  The  BD-1  model  comprised  a double  bank 
of  24  crystals,  each  i/^  in.  by  1 ft  by  1 1/^  in.,  insu- 
lated by  Corprene  pads  and  spacers  and  immersed 
in  vapor-free  castor  oil.  To  reduce  acoustic  coupling, 
the  stacks  of  a receiving  transducer  were  connected 
in  series,  whereas  those  of  a projecting  transducer 
were  connected  in  parallel,  180  degrees  out  of  phase. 
The  CD-I,  CG-1,  and  CJ-1  models  were  all  similar 
electrically,  each  consisting  of  a single  stack  of  26 
crystals.  They  exhibited  a somewhat  more  uniform 
directivity  pattern  than  could  be  obtained  with  the 
BD-1. 

Types  of  Magnetostriction  Transducers 

A variety  of  magnetostriction  transducers  have 
been  used  at  HUSL  for  echo  repeaters,  including 
hard  nickel,  annealed  nickel,  and  Permendur  types. 
The  method  of  providing  the  polarizing  magnetic 


field  for  these  transducers  varies.  Hard  nickel  re- 
tains sufficient  magnetism,  when  once  polarized,  for 
use  in  a receiving  transducer  but  not  in  a trans- 
mitting transducer  in  which  the  values  of  current 
are  high.  I'ransducers  constructed  of  annealed  nickel 
retjuire  a constant  flow  of  direct  current  or  the 
j)resence  of  a permanent  magnet  in  the  transducer 
magnetic  circuit  to  maintain  the  proper  degree  of 
polarization.  74ie  polarizing  current  needed  varies 
from  1 to  6 amp  depending  on  the  size  of  the  trans- 
ducer. With  long  conductor  cables  the  transmission 
of  the  polarizing  current  presents  a considerable 
problem.  Fhe  permanent  magnets  used  are  either 
Alnico  or  sintered  iron  oxide  magnets. 

I'he  construction  of  the  more  efficient  laminated 
ring  stacks  does  not  readily  allow  the  use  of  perma- 
nent magnets,  so  that  a polarizing  current  is  gen- 
erally used  for  the  nickel  ring-stack  transmitters. 
Permendur  (50%  iron,  48%  cobalt,  and  2%  vana- 
dium) laminations,  however,  have  the  advantage 
that  they  retain  sufficient  magnetization  even  for 
transmitter  transducers.  As  this  alloy  is  becoming 
more  available,  its  use  in  laminated  ring  stacks  is 
becoming  more  common,  thereby  solving  the  prob- 
lem of  the  polarizing  current  in  echo-repeater  trans- 
ducers. 

Frequency  Response 

The  ideal  echo-repeater  transducer  has  a very 
broad  frequency  response.  In  this  respect  crystal 
transducers  are  better  than  the  magnetostrictive  type. 
Most  of  the  latter  have  a rather  narrow  frequency 
range,  and  with  two  such  transducers  in  a repeater 
the  overall  response  drops  twice  as  rapidly  as  that 
of  either  alone.  Because  of  the  nature  of  this  fre- 
(juency  response,  any  given  echo  repeater  is  lim- 
ited in  use  to  a relatively  small  range  of  frequency 
and  its  calibration  of  target  strength  versus  frequency 
must  be  accurately  determined. 

Sensitivity  Patterns 

The  horizontal  pattern  of  most  transducers  used 
for  echo  rej^eaters  usually  has  a satisfactory  circular 
symmetry.  Fhe  vertical  pattern  must  be  wide  enough 
to  intercept  the  signals  of  echo-ranging  gear  at  rea- 
sonable ranges.  For  a stationary  repeater  operating 
at  the  depth  of  the  gear  on  the  ranging  vessel,  a 
vertical  beam  angle  3 db  down  at  10  degrees  is  ade- 
(juate.  If  a towed  target  is  used,  the  beam  should 
be  wider,  3 db  down  at  30  degrees,  because  of  the 
roll  and  pitch  of  the  target  and  because  the  target 
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may  not  maintain  the  desired  orientation.  The  width 
of  the  vertical  pattern  is  mainly  a function  of  the 
height  of  the  transducer,  a height  of  about  1 wave- 
length being  commonly  used.  There  are  two  objec- 
tions to  making  the  vertical  beam  width  too  great: 
(1)  increasing  the  width  increases  the  maximum 
power  output  required  in  the  amplifier;  (2)  the  feed- 
back from  the  transmitter  to  the  receiver  transducer 
increases  as  the  beam  is  widened. 

With  the  deep  target,  the  Whale  echo  repeater, 
the  transducer  sections  are  so  arranged  and  oriented 
that  the  direction  of  maximum  radiation  is  vertical; 
however,  considerable  energy  is  radiated  also  in  a 
horizontal  direction. 

Efficiency 

Used  in  its  normal  sense  as  the  ratio  of  output  to 
input,  the  efficiency  of  the  crystal  transducers  in  the 
early  echo  repeaters  varies  from  about  20  to  60  per 
cent  depending  on  the  frequency  of  operation.  The 
first  magnetostriction  transducers  used,  of  the  B-19A, 
B-19B,  and  B-19F  types,  have  a much  lower  effi- 
ciency, in  general  less  than  1 per  cent.  Ring-stack 
transducers,  however,  range  from  10  to  70  per  cent 
in  efficiency.  These  higher  values  result  mainly  from 
an  improved  magnetic  circuit  and  a higher  mechani- 
cal Q. 

A low  efficiency  in  a receiving  transducer  is  not 
a serious  handicap  since  it  is  relatively  easy  to  pro- 
vide sufficient  amplification  of  the  incoming  signal. 
To  compensate  for  the  low  efficiency  of  a transmit- 
ting transducer,  however,  the  output  of  the  power 
amplifier  must  be  correspondingly  increased,  which 
is  not  so  easily  achieved.  Because  the  efficiency  of  a 
transducer  is  a function  of  the  operating  frequency, 
it  is  necessary  to  calibrate  an  echo  repeater  over  a 
range  of  frequencies,  if  accurate  knowledge  of  its 
general  performance  is  desired. 

6 3 ELECTRONIC  DESIGN 

CONSIDERATIONS 

Calibration 

An  echo  repeater  may  be  calibrated  in  terms  of 
its  “equivalent  sphere.”  By  definition,  the  equiva- 
lent sphere  of  any  target  is  a sphere  which  would 
reflect  as  much  energy  as  the  target  itself.  The  size 
of  the  simulated  sphere  produced  by  an  echo  re- 
peater for  a given  input  signal  is  directly  propor- 
tional to  its  output  voltage.  The  gain  or  attenua- 


tion setting  of  the  repeater  amplifier  may  there- 
fore be  used  to  calculate  comparative  values  of  equiv- 
alent sphere  radii.  Since  such  settings  are  commonly 
scaled  in  decibels,  a logarithmic  unit  of  sphere  size, 
the  target  strength  unit  [TSU]  has  been  agreed  upon. 
A sphere  with  a 6-ft  radius  has  been  arbitrarily  as- 
signed a rating  of  zero  TSU;  a sphere  having  a 22-ft 
radius  correspondingly  has  a target  strength  of  11.3 
TSU.  The  original  specifications  of  echo  repeaters 
required  that  they  be  capable  of  providing  a target 
strength  of  11.3  TSU  within  ±1  db. 

Power  Relations 

The  power  incident  on  a sphere  at  a relatively 
large  distance  from  a projector  may  be  expressed 
by  the  relation: 

P Fr^ 

_ 

“ DR^ 

where  Pg  = power  incident  on  the  sphere, 

Pp  = power  input  into  the  projector, 

E = efficiency  of  the  projector, 
r = radius  of  the  sphere, 

D = directivity  index  of  the  projector  pat- 
tern, which  is  defined  as  the  ratio  of  the 
average  intensity  of  the  pattern  to  its 
maximum  intensity, 

R = distance  between  the  projector  and  the 
sphere. 

Calculations  for  a typical  QC  projector  with  an 
electric  input  of  250  w,  an  efficiency  of  10  per  cent 
and  a directivity  index  of  0.008  show  that  the  power 
incident  on  a 22-ft  sphere  at  a distance  of  500  yd 
amounts  to  0.672  w. 

To  simulate  a perfectly  reflecting  sphere,  the  echo 
repeater  receiving  this  power  must  reflect  an  equal 
quantity  to  the  projector.  The  electric  input  into 
the  repeater  transducer  necessary  to  emit  a given 
amount  of  power  is  directly  proportional  to  its  direc- 
tivity index  and  inversely  proportional  to  its  effi- 
ciency. For  a typical  ring-stack  transducer,  1 wave- 
length long,  with  a directivity  index  of  0.5  and  an 
efficiency  of  30  per  cent,  the  electric  input  for  an 
acoustic  output  of  0.672  w is  1.12  w.  These  figures 
are  given  primarily  to  indicate  the  magnitude  of  the 
power  requirements.  Actual  values  vary  considerably 
from  one  projector  to  another  and  from  one  repeater 
transducer  to  another. 
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The  minimum  power  that  a repeater  can  effec- 
tively amplify  is  dependent  on  its  inherent  noise 
level.  A received  signal  must  be  from  5 to  10  db 
above  the  noise  level  in  order  to  be  distinguishable 
after  it  is  amplified  and  returned  to  the  echo-rang- 
ing equipment. 

The  maximum  power  that  a repeater  can  emit  is 
limited  by  the  overloading  of  the  amplifier.  If  the 
amplifier  is  overloaded,  the  repeater  does  not  main- 
tain the  calibrated  sphere  size.  For  this  reason  the 
power  requirement  of  a repeater  amplifier  varies 
inversely  with  the  square  of  the  closest  operating 
range  desired.  To  decrease  the  closest  range  from 
500  to  100  yd  requires  that  the  maximum  power  of 
a repeater  amplifier  be  increased  by  a factor  of  25. 

6.3.3  Amplifier  Gain  Requirement 

The  gain  requirement  of  an  echo-repeater  ampli- 
fier depends  mainly  on  the  sensitivity  of  the  receiving 
transducer  and  the  efficiency  of  the  transmitting 
transducer.  The  following  example  illustrates  the 
order  of  magnitude  of  the  values  involved. 

The  sensitivity  of  a 60-kc  transducer  in  a stick 
assembly  enclosed  in  an  oil  chamber  was  found  to  be 
— 117.5  db  (vs  1 v)  per  dyne  per  sq  cm.  AVhen  10  v 
(20-db  level)  were  applied  to  the  transmitting  trans- 
ducer, similarly  mounted,  a field  of  58  db  above  1 
dyne  per  sq  cm  was  obtained  at  1 1 ft®  from  the  trans- 
ducer. To  produce  a field  of  1 dyne  per  sq  cm,  the 
voltage  level  required  would  be  20  db  — 58  db,  or 
—38  db.  The  difference  between  —38  db  and  —1 17.5 
db  is  79.5  db,  which  is  the  amplifier  gain  needed  by 
the  repeater  to  simulate  a 22-ft  sphere.  This  value, 
corresponding  to  a voltage  ratio  of  about  10,000,  was 
checked  by  the  calibration  procedure  and  found  to 
be  correct  within  ±2  db. 

Coupling  Limitations 

The  gain  which  may  be  developed  by  an  echo- 
repeater  amplifier  without  producing  oscillation 
through  feedback  is  limited  among  other  factors  by 
the  couplings  between  the  input  and  the  output  sys- 
tems. These  couplings  may  be  of  three  different 
kinds:  acoustic,  acoustic-mechanical,  and  electric. 

Pure  acoustic  coupling  is  encountered  when  the 

a The  distance  of  11  ft  is  used  because,  according  to  the 
calibration  theory,  the  comparison  calibration  value  deter- 
mined at  that  distance  is  the  gain  setting  required  to  produce 
an  equivalent  sphere  having  a radius  of  22  ft. 


sound  field  generated  by  the  transmitting  transducer 
is  impressed  on  the  receiving  transducer  either  di- 
rectly or  by  reflection.  The  pattern  of  the  sound  field 
depends  among  other  things  upon  the  length  of 
the  transducers.  A ring  stack  with  its  axis  vertical 
has  a circular  pattern  in  the  horizontal  plane.  If  the 
transducer  is  I wavelength  in  height,  its  pattern  in 
the  vertical  plane  is  approximately  that  of  a cosine 
function,  the  three-dimensional  configuration  resem- 
bling a toroid.  If  both  the  receiving  and  the  trans- 
mitting transducers  are  of  this  type,  it  is  evident  that 
they  must  be  separated  the  proper  vertical  distance. 
In  practice,  a spacing  of  12  in.  is  adequate  for  re- 
ducing the  acoustic  feedback  to  a negligible  value. 
Shorter  spacing  may  be  used  with  longer  transducers 
at  the  expense,  however,  of  loss  of  breadth  of  the 
horizontal  beam. 

With  a properly  mounted  array  of  transducers,  for 
which  the  direct  acoustic  coupling  is  negligible,  there 
may  still  be  coupling  because  of  reflection  from  air 
bubbles  or  other  foreign  matter  in  the  water,  from 
the  surface,  the  bottom,  vessels,  animal  life,  or  any- 
thing else  in  the  water,  including  temperature  gradi- 
ents. Whenever  a target-towing  boat  approaches  a 
large  vessel,  the  repeater  tends  to  oscillate.  The 
same  result  follows  when  the  target  is  towed  through 
a wake,  because  of  the  air  bubbles.  When  a repeater 
is  used  for  purely  tactical  purposes,  the  amplifier 
gain  is  usually  set  just  below  the  howl  point,  but 
with  a calibrated  equipment-testing  repeater,  there 
must  be  sufficient  margin  between  the  howl  point 
and  the  operating  point  to  insure  negligible  feed- 
back. 

Acoustic-mechanical  coupling  occurs  when  the  vi- 
bration of  the  transmitting  transducer  is  imparted 
to  the  receiving  transducer  through  the  structural 
member  forming  the  transducer  assembly.  The  cou- 
pling may  be  established  by  a too  solid  mechanical 
connection,  or  it  may  be  transmitted  from  one  trans- 
ducer to  the  other  through  a path  including  the 
surrounding  medium  as  well  as  structural  supports. 
Since  such  coupling  may  cause  oscillation  at  low 
volume  settings,  sections  of  acoustically  insulating 
material  should  be  placed  between  parts  of  the  struc- 
tural assembly  of  the  transducers. 

Electric  coupling  may  be  classified  as  electrostatic 
or  magnetic.  No  definite  evidence  concerning  the 
presence  of  electrostatic  coupling  was  obtained  dur- 
ing development  of  the  HUSL  echo  repeaters.  Mag- 
netic coupling,  however,  proved  to  be  a limiting 
factor  in  the  case  of  some  repeaters  using  deck  elec^ 
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tronic  systems.  Magnetic  coupling  occurs  whenever 
the  current-carrying  conductors  of  the  input  and 
the  output  circuits  are  in  close  proximity.  With 
ring-stack  transducers  of  average  efficiency  and  sen- 
sitivity there  is  a difference  in  level  of  approximately 
80  db  between  the  receiving  and  the  transmitting 
pairs  of  conductors.  To  reduce  the  mechanical  strain 
on  the  electric  cables  it  is  necessary  to  fasten  them 
at  intervals  to  the  towing  cable,  thus  bringing  them 
close  together.  For  conductors  consisting  of  simple 
twisted  pairs,  the  magnetic  coupling  is  almost  cer- 
tain to  be  excessive.  By  using  four  or  six  wire  cables 
with  alternate  conductors  connected  together,  the 
coupling  between  the  conductors  is  greatly  reduced. 
Even  in  this  case,  however,  some  interaction  is  en- 
countered unless  the  conductors  are  arranged  cir- 
cumferentially around  a central  nonconducting  core. 
With  four  wire  conductors  connected  and  arranged 
as  described,  successful  performance  may  be  achieved 
for  cable  lengths  up  to  250  ft.  If  greater  cable  lengths 
are  desired,  it  is  advisable  to  install  the  amplifier  in 
the  transducer  housing  and  use  one  multiconductor 
cable  to  provide  power  and  gain  control. 

6.3.5  Frequency  Response  and  Stability 

Experiments  show  that  when  a transducer  with 
a flat  frequency  response  is  towed  through  water, 
the  noise  level  in  the  system  is  relatively  high  at 
the  normal  gain  setting  of  the  repeater  amplifier. 
To  reduce  this  noise  a filter  is  usually  installed  in 
the  amplifier  circuit.  Because  efficient  transmitting 
transducers  generally  have  a rather  narrow  frequency 
response,  the  overall  response  of  the  repeater  is  fur- 
ther limited  by  the  transducer  characteristics.  If  the 
receiving  transducer  also  has  a sharp  frequency  re- 
sponse, the  noise-limiting  filter  may  be  dispensed 
with.  The  frequency  response  of  the  amplifier  should 
be  as  flat  as  possible  over  the  operating  range  of 
the  repeater.  In  general,  the  amplifier  response  is 
limited  near  the  upper  and  lower  frequency  limits 
by  the  characteristics  of  the  transformers  used,  espe- 
cially those  of  the  output  transformer.  With  a sharply 
tuned  system,  the  frequency  response  must  be  accu- 
rately known  and  the  oscillator  circuit  properly  cali- 
brated. The  incoming  signal,  furthermore,  should 
be  monitored  during  operation  to  make  certain  that 
operation  is  proceeding  within  the  effective  fre- 
quency range  of  the  repeater. 

The  amplifier  system  should  also  be  designed  so 
that  its  gain  is  as  independent  as  possible  of  changes 


in  temperature,  line  voltage,  etc.  In  most  repeater 
circuits  considerable  negative  feedback  is  used,  and 
with  voltage-regulated  power  supplies  for  all  stages 
except  the  power  stage,  the  effects  of  reasonable  line 
voltage  variations  are  reduced  to  a negligible  value. 
On  a small  target  vessel,  however,  there  is  often  diffi- 
culty in  keeping  the  line  voltage  variation  below 
20  per  cent,  and  even  with  battery-operated  systems 
it  is  necessary  to  consider  the  drop  in  voltage  as 
the  batteries  begin  to  run  down. 

Monitor  Service 

In  the  operation  of  an  echo  repeater,  it  is  usually 
desirable  to  have  some  means  of  monitoring  the 
signals.  If  the  system  has  enough  amplification  to 
}>roduce  self-oscillation  at  high  gain,  the  howl-point 
setting  serves  as  a simple  check  of  performance.  If 
the  anticipated  howl  does  not  occur,  lack  of  the 
proper  functioning  of  the  transducers  or  the  ampli- 
fier is  indicated.  If  the  system  oscillates  at  an  abnor- 
mally low  gain  setting,  undesirable  feedback  is  be- 
ing introduced  at  some  point  in  the  system. 

A monitor  is  useful  not  only  in  indicating  whether 
or  not  the  system  is  functioning  properly  but  also 
in  serving  to  measure  the  relative  strength  and  the 
frequency  of  the  incoming  signals.  The  monitor 
circuit  includes  a monitoring  amplifier,  a frequency 
converter,  and  a loudspeaker.  It  is  connected  to  the 
repeater  circuit  by  putting  a high-impedance  volt- 
age divider  across  the  low-impedance  output  circuit 
of  the  power  amplifier.  With  a fixed  gain  setting 
of  the  monitor  amplifier,  the  repeater  operator  can 
judge  the  intensity  of  the  incoming  signals  by  the 
sound  issuing  from  the  loudspeaker.  By  feeding  in 
a signal  from  a local  calibrated  oscillator,  the  fre- 
quency of  the  signal  may  be  determined. 

Another  method  of  monitoring  the  repeater  sys- 
tem consists  of  using  an  oscilloscope.  From  the  size 
of  the  vertical  deflections  on  the  oscilloscope  screen 
it  is  possible  to  estimate  the  amplitude  of  the  sig- 
nals. The  waveform  and  the  frequency  of  the  signals 
may  also  be  studied  when  an  oscilloscope  is  used. 

If  the  power  output  stage  of  the  repeater  ampli- 
fier is  of  class  B,  AB,  or  C,  the  plate  current  in  the 
output  may  be  used  as  an  indication  of  signal  level. 
The  readings  of  a meter  registering  this  current  also 
indicate  whether  self-oscillation  is  occurring.  The 
relationship  between  current  and  signal  strength  is 
not  linear,  however,  and  the  indications  for  weak 
signals  are  not  reliable. 
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Figurk  3.  Multisection  triplanc  target. 

Location  of  Electronic  Units 

When  a stationary  repeater  is  being  used  in  rela- 
tively shallow  water,  deck  electronic  units  are  the 
simplest  solution.  In  the  case  of  a repeater  towed 
at  a depth  of  1,000  ft,  body  electronic  units  are  a 
necessity.  For  repeaters  towed  at  depths  of  from  50 
to  100  ft,  a choice  may  be  made  between  deck  and 
body  units.  In  the  following  paragraphs  the  rela- 
tive merits  of  some  of  the  features  of  both  systems 
are  discussed. 

The  disadvantage  of  deck  electronic  units  is  that 
long  electric  cables  arc  rccjuired;  about  200  ft  of 
cable  are  necessary  for  a towing  depth  of  100  ft. 
To  make  connections  to  the  deck  unit  two  separate 
cables  are  generally  used  since  it  is  not  desirable  to 
place  the  output  and  the  input  conductors  within 
the  same  cable  when  there  is  a large  difference  in 
level  between  them.  There  is  sufficient  capacity  be- 
tween the  cable  conductors  so  that  they  cannot  be 
used  satisfactorily  with  a high-impedance  amplifier; 
for  best  operation  the  amplifier  impedance  should 
be  matched  to  the  characteristic  impedance  of  the 
lines.  The  line  losses  in  long  electric  cables  must  be 
considered,  although  to  date  they  have  not  presented 
any  serious  limitation.  Trouble  may  also  be  encoun- 
tered by  the  breaking  of  the  cables.  This,  however, 
can  be  avoided  if  the  cables  are  secured  to  the  tow- 
ing cable  every  few  feet. 

By  locating  the  amplifier  and  batteries  within  the 
transducer  assembly,  the  cable  difficulties  are  com- 


pletely eliminated.  The  batteries,  however,  must  be 
recharged  or  replaced  after  every  run;  and,  of  course, 
no  control  of  the  repeater-amplifier  circuit  is  avail- 
able during  a run. 

An  intermediate  solution  is  to  place  the  ampli- 
fier unit  within  the  transducer  housing  and  to  use 
a single  multiconductor  cable  to  feed  power  to  the 
various  amplifier  components.  By  adding  one  addi- 
tional conductor  to  the  cable,  some  gain  control 
may  be  made  available  on  the  towing  vessel  by 
means  of  a potentiometer  circuit. 

The  chief  advantages  of  deck  electronic  units  are 
the  possibilities  of  remote  gain  control  and  monitor- 
ing. Remote  gain  control  is  not  extremely  important 
in  the  case  of  a calibrated  repeater  operating  at  a 
known  frequency.  The  monitoring  function  is  the 
more  important  advantage.  By  means  of  the  monitor 
it  is  possible  to  be  certain  of  the  proper  operation 
of  the  repeater.  With  sharply  resonant  transducers 
and  filters,  it  becomes  particularly  important  for 
checking  operating  frequency  and  amplifier  gain. 

In  the  case  of  a repeater  using  body  electronics 
and  only  a power  cable,  it  is  still  possible  to  effect 
some  monitoring  of  the  repeater.  This  can  be 
achieved  by  inserting  chokes  in  the  d-c  power  line 
and  imposing  some  of  the  output  voltage  of  the 
amplifier  on  these  lines.  The  a-c  voltage  reaching 
the  upper  end  of  the  cable  may  then  be  amplified 
to  operate  a loudspeaker  or  an  oscilloscope.  Because 
of  the  current  drawn  by  the  tubes  during  the  peaks 
of  the  cycles,  the  response  of  the  monitor  may  not 
be  linear  with  respect  to  the  output  of  the  repeater. 
This  difficulty  can  be  circumvented,  however,  by 
calibrating  the  monitor  system.  Frequency  monitor- 
ing is  also  feasible  with  this  method. 

6 4 PASSIVE  TARGETS  AND  ECHO 
REPEATERS 

Passive  Targets 

Multisection  Triplane 

The  successful  tri plane  model  of  passive  target  is 
illustrated  by  the  photograph  of  Figure  3.  This  tar- 
get consists  of  steel  plates  in.  thick  assembled 
as  shown,  the  overall  length  of  any  edge  being  12  in. 
The  plates  are  covered  on  both  sides  by  a i/g-in. 
thickness  of  bubble  rubber.  Towing  rings  are  pro- 
vided so  that  the  target  may  be  towed  with  either 
of  two  orientations  of  the  planes.  The  reflection  sen- 
sitivity pattern  of  the  multisection  triplane  varies 
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Figure  4.  Hollow  sphere  target. 


somewhat  with  direction  both  horizontally  and  ver- 
tically. The  average  value  of  the  equivalent  sphere 
diameter  is  approximately  3 ft. 

Figure  4 is  a photograph  of  the  hollow  steel  sphere, 
3 ft  in  diameter,  which  is  also  found  to  function 
satisfactorily  as  a small  passive  target.  It  is  made  of 
two  hemispherical  shells  attached  to  each  other  by 
welded  joints  at  the  ends  of  two  perpendicular  diam- 
eters. Each  shell  encloses  an  airtight  space,  the  pur- 
pose of  which  is  to  provide  desirable  reflection  prop- 
erties. A space  between  the  two  shells  allows  the 
inner  volume  to  fill  with  water  on  submergence. 
The  reflection  pattern  of  the  sphere  is,  of  course, 
more  uniform  than  that  of  the  triplane,  for  which 
reason  the  former  is  preferred  when  accurate  data 
in  extended  tests  are  required.  A target  sphere  of 
3-ft  diameter  is  of  particular  interest  since  it  ap- 
proximates a sea  mine  in  size  and  reflection  prop- 


Ficure  5.  Towed  submerged  aiUisubmarine  practice  target, 
Model  SR-2. 


erties.  Neither  the  triplane  nor  the  sphere  is  easily 
towable  so  that  their  use  is  generally  restricted  to 
stationary  observations. 

Performance  of  Passive  Targets 

Both  the  triplane  and  the  sphere  have  served  suc- 
cessfully as  stationary  targets  at  various  testing  sta- 
tions for  numerous  echo-ranging  equipments.  Be- 
sides their  simplicity  and  ease  of  maintenance,  passive 
targets  also  have  the  advantage  of  unlimited  range 
of  power  output.  In  other  words,  they  do  not  become 
overloaded  (and  therefore  less  effective  in  terms  of 
target  size  at  short  ranges  or  high  transmitting 
powers). 

San  Diego  Echo  Repeaters 

Various  echo  repeaters  designed  primarily  as  prac- 
tice targets  for  use  in  the  training  of  sonar  opera- 
tions and  attack  teams  were  successfully  developed 
by  the  San  Diego  Laboratory  at  an  early  date.  Among 
these  are  the  RR-1,  for  suspension  from  a towed 
raft;  the  KR-1,  for  keel  mounting;  the  BR-1,  for 
use  in  a stationary  buoy;  and  the  towed  models, 
SR-2  and  SR-5.  Each  of  these  uses  x-cut  Rochelle 
salt  crystal  transducers  and  one  of  the  several  16-  to 
26-kc  amplifiers  designed  at  San  Diego.  Gains  rang- 
ing from  90  to  114  db  and  power  outputs  as  high 
as  9 w are  obtainable  with  these  repeaters. 

Figure  5 shows  the  exterior  appearance  of  the 
SR-2,  and  Figure  6 is  the  circuit  diagram  of  its 
amplifier.  This  model  is  designed  for  operation  at 
depths  between  60  and  90  ft  when  towed  at  the  end 
of  a 1,200-ft  cable.  It  is  of  particular  interest  here 
because  it  was  the  prototype  for  the  first  of  the 
Harvard  repeaters,  the  Fecho. 

Satisfactory  results  have  been  obtained  from  these 
repeaters  when  used  in  Pacific  waters.  They  are  classi- 
fied as  personnel-training  devices,  however.^  The  re- 
mainder of  this  chapter  is  devoted  almost  exclusively 
to  the  equipment-testing  type  of  echo  repeater  which 
received  most  of  its  development  at  Harvard. 

6.4.3  Early  Harvard  Repeaters 

Fecho 

First  Circuit.  Figure  7 is  a photograph  of  the 
transducer  assembly  of  Fecho,  the  first  echo  repeater 

b For  a full  description  of  echo  repeaters  designed  for  train- 
ing application,  the  reader  is  referred  to  Division  6,  Volume  4, 
Chapter  6. 
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Figure  6.  Schematic  diagram  of  UIAB  amplifier  for  SR-2. 
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Figure  7.  Fecho  repeater  transducer  assembly. 

assembled  at  Harvard.  The  overall  length  of  the 
torpedo-shaped  body  is  approximately  6 ft,  the  di- 
ameter about  18  in.  Sufficient  air  spaces  are  provided 
so  that  the  body  is  slightly  buoyant  and  preset  fins 
cause  it  to  submerge  when  towed. 


Two  x-cut  Rochelle  salt  crystal  transducers,  each 
with  an  area  of  1x8  in.,  are  mounted  on  the  top  and 
the  bottom  respectively,  the  upper  one  being  used 
as  a receiver,  the  lower  as  a transmitter.  The  former 
has  its  crystals  connected  in  series-parallel,  the  latter 
all  in  parallel.  The  pattern  of  transducers  of  this 
type  is  broad  in  a horizontal  plane,  having  circular 
symmetry  within  6 db.  Because  of  the  8-in.  length 
of  the  crystals  the  vertical  pattern  is  relatively  much 
sharper. 

The  connections  between  the  two  transducers  and 
the  amplifier  chassis  on  board  the  towing  vessel  are 
made  by  a pair  of  two-conductor  shielded  cables.  Fig- 
ure 8 is  the  schematic  diagram  of  the  modified  San 
Diego  type  S-3  amplifier  circuit  which  was  used.  The 
purpose  of  the  modifications  was  to  increase  the  gain 
of  the  amplifier  and  improve  its  tuning  for  opera- 
tion at  14  kc. 
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Fecho  I)opl)ler  Circuit.  The  performance  of  the 
Fecho  repeater  with  the  first  HUSL  amplifier  circuit 
was  not  satisfactory.  In  general,  only  weak  echoes, 
barely  distinguishable  amidst  the  reverberation,  were 
obtained.  In  order  to  provide  unmistakable  signals, 
separable  from  reverberation  and  undesired  reflec- 
tions, a circuit  was  devised  to  dopplerize  the  echo 
signals.  Advantage  was  taken  of  the  broad  resonance 
of  the  projector  of  the  equipment  under  test  and 
the  narrow  response  of  the  receiving  transducer.  The 
projector  is  adjusted  to  ping  at  a frequency  500  c 
below  the  peak  of  the  sonar  amplifier  response.  Fhe 
echo  repeater  is  modified  by  equipping  it  with  an 
output  oscillator  tuned  to  the  amplifier  peak  fre- 
([uency.  This  oscillator  is  amplitude-modulated  in 
accordance  with  the  strength  of  the  lower  frequency 
signal  picked  up  by  the  receiving  transducer  of  the 
echo  repeater.  A sharply  tuned  notching  filter  is 
located  in  the  input  circuit  of  the  repeater  to  atten- 
uate signals  of  the  low  incoming  frequency  and 
render  both  acoustic  and  electric  feedback  ineffec- 
tive, making  possible  a high  level  output  without 
howl.  Figure  9 is  the  schematic  diagram  of  the  am- 
plifier circuit  by  means  of  which  the  artificial  dop- 
pler  is  produced. 

Fecho  Perjormance.  I’he  chief  liability  of  the 
Fecho  repeater  is  its  large  size  and  weight  which 


make  it  extremely  unwieldy  and  difficult  to  handle 
when  being  put  into  the  water  or  taken  out.  For 
this  reason  a smaller,  lighter  body,  known  as  Smecho 
(Figure  1)  was  designed  soon  after  a few  tests  had 
indicated  the  clumsiness  of  the  Fecho  model. 

Smecho  Models 

Four  different  Smecho  models  were  constructed 
and  subjected  to  testing.  I’heir  hydrodynamic  per- 
formance was  relatively  poor  and  their  repeater  char- 
acteristics were  unsatisfactory.  At  the  time  of  the 
tests  on  Smecho  4,  a reorganization  of  the  research 
in  echo  repeater  development  was  effected  and  a 
new  series  of  experiments  undertaken.  During  the 
period  of  Smecho  investigations,  however,  a separate 
project  of  a buoy-supported  echo  repeater,  known 
as  Oscar,  had  been  completed.  I’his  model  is  there- 
fore described  first,  before  the  later  repeater  devel- 
opments are  discussed. 

® Buoy-Supported  Echo  Repeater, 

Oscar 

Description  of  Oscar 

The  buoy-supported  echo  repeater,  Oscar,  was  de- 
signed specifically  for  testing  echo-ranging  systems 
installed  on  the  Aide  de  Camp,  a 1 lO-ft  diesel  yacht 
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Figure  10,  Buoy-supported  echo  repeater,  Oscar. 


operated  by  Harvard.  The  general  arrangement  of 
the  repeater  assembly  in  its  relation  to  the  buoy  is 


shown  by  the  photograph  of  Figure  10.  The  flag 
at  the  top  facilitated  locating  the  buoy,  since  the 
buoy  structure  was  visible  only  a short  distance. 

The  transducers  used  by  the  repeater  are  hung 
independently  from  opposite  sides  of  the  buoy,  sepa- 
rated by  a vertical  distance  of  about  15  ft  with  the 
upper  transducer  approximately  30  ft  below  the  sur- 
face of  the  water.  The  type  B-19F  tubular  magneto- 
striction hydrophones  (see  Division  6,  Volume  13) 
are  15  in.  long.  The  transducer  cables  are  fastened 
permanently  to  the  buoy  structure  and  connected  to 
the  amplifier  unit  by  plugs. 

The  amplifier  unit  is  located  in  the  upper  section 
of  the  buoy  above  the  water  level.  The  circuit  for 
the  amplifier  unit,  given  by  Figure  11,  is  designed  to 
operate  over  a frequency  range  of  from  21.5  to  24.5 
kc.  A filter  with  a frequency  response  about  3 kc  wide 
lies  between  the  6SG7  stage  and  the  first  half  of 
the  6SL7  tube.  The  second  half  of  the  6SL7  tube 
forms  a cathode  follower  feeding  into  the  6V6GT 
power  tube.  The  power  supply  consists  of  a Vibra- 
pack  connected  to  a motorcycle-type  storage  battery. 

Performance  of  Oscar 

The  Oscar  echo  repeater  performed  satisfactorily 
the  function  for  which  it  was  designed.  A sufficient 
number  of  echoes  were  usually  returned  to  make 
possible  the  desired  checks  on  the  operation  of  sonar 
equipment.  The  intensity  of  the  echoes  was  great 
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enough  so  that  lack  of  control  of  the  gain  of  the 
amplifier  during  operation  did  not  prove  a serious 
handicap. 

® Stationary  Repeaters  with  Ring-Stack 
Transducers 

Description 

Because  of  the  unsatisfactory  results  obtained  with 
the  Smecho  models,  a fresh  attack  was  made  on  the 
repeater  project  by  starting  with  simpler,  nontowable 
or  stationary  transducer  assemblies.  In  some  cases 
two  transducers  were  simply  suspended  in  the  water 
overside,  separated  a few  feet  vertically.  More  com- 
monly, however,  they  were  attached  to  a short  length 
of  pipe,  one  at  each  end,  so  that  their  relative  orien- 
tation would  remain  fixed.  This  manner  of  mount- 
ing the  transducers  became  known  as  a “pipe”  or 
“stick”  assembly,  the  arrangement  of  which  is  in- 
dicated by  the  sketch  of  Figure  12. 

At  this  time  ring-stack  transducers  became  avail- 
able. These  consist  of  stacks  of  nickel  laminations 
of  a circular  form.  Mainly  because  of  the  improved 
magnetic  circuit  inherent  in  their  design,  the  effi- 
ciency of  these  transducers  is  approximately  100 
times  that  of  the  B-19A  and  B-19B  transducers.  By 
using  a ring  stack  for  the  transmitting  transducer, 
the  output  of  an  echo  repeater  may  therefore  be 
considerably  increased.  The  constructional  details 
of  a 5-in.  20-kc  ring  stack  are  shown  in  the  sketch  of 
Figure  13. 

Figure  14  is  the  schematic  diagram  of  the  ampli- 
fier unit  designed  for  a repeater  using  a B-19B  hydro- 
phone as  receiving  transducer  and  a 5-in.  ring-stack 
hydrophone  as  transmitting  transducer.  A filter, 
slightly  overcoupled  to  provide  a band  pass  in  the 
region  of  20  kc,  feeds  the  6SN7  push-pull  driver 
stage.  The  maximum  gain  of  the  amplifier  is  about 
120  db  and  the  maximum  output  into  125  ohms 
about  18  w.  The  noise  output  is  15  db  above  1 mv 
with  the  input  terminals  shorted  and  the  gain  set 
at  its  maximum.  This  considerable  random  noise  is 
traceable  largely  to  the  Vibrapack.  I he  peak  values 
of  noise  are  sufficient  to  prevent  the  use  of  a peak 
voltmeter  at  the  output  terminals. 

Performance 

In  order  to  determine  the  feedback  or  coupling 
limitations  of  this  repeater,  tests  were  made  by  vary- 
ing the  distance  between  the  receiving  and  the  trans- 


mitting transducers.  No  change  in  performance  was 
observed  as  the  separation  distance  was  increased 
beyond  1 ft.  Below  1 ft,  however,  the  gain  had  to 
be  decreased  to  prevent  howling.  Neither  the  inser- 
tion of  a flexible  coupling  in  the  pipe  connecting 
the  transducers  nor  the  installation  of  acoustically 
insulating  baffles  affected  the  maximum  possible 
gain.  Ihese  observations  confirm  conclusions 
reached  at  the  San  Diego  Laboratory  concerning  sim- 
ilar hydrophones. 

After  this  checkup  the  repeater  was  operated  in 
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Figure  13.  Constructional  details  of  5-in.  ring-stack  transducer. 


tests  of  QC  sonar  equipment.  During  these  trials  the 
repeater  functioned  much  more  satisfactorily  than 
the  Smecho  repeaters  had.  No  difficulty  was  experi- 
enced in  detecting  a large  number  of  intense  echoes. 
Only  occasionally  did  the  repeater  go  into  oscillation, 
and  good  echoes  were  returned  at  the  close  range  of 
300  yd.  By  applying  frequency  modulation  to  the 
ping  of  the  QC  gear,  distinguishable  echoes  were 
obtained  even  at  75  yd. 

6.4.6  Towable  Echo  Repeaters  with 
Rack  Amplifiers 

Description 

After  the  successful  performance  of  the  combina- 
tion of  the  B-19B  and  the  ring-stack  transducers  as 


a stationary  repeater,  they  were  tried  on  a Smecho 
body.  To  eliminate  the  noise  generated  by  the  pas- 
sage of  the  transducers  through  the  water,  they  were 
enclosed  in  streamlined  housings  of  thin  sheet  steel 
mounted  on  a suitable  structure.  Because  of  reflec- 
tions produced  by  the  housing,  however,  the  sensi- 
tivity pattern  of  the  hydrophones  was  seriously  dis- 
torted. The  streamlining  was  therefore  abandoned 
and  Smecho  1 was  equipped  with  a B-19B  hydro- 
phone and  a 5-in.  ring-stack  transducer  without  any 
housing. 

At  this  time  there  was  also  developed  a new  ampli- 
fier unit,  consisting  of  six  different  sections  which 
are  assembled  in  a rack.  The  top  section  contains 
the  monitor  loudspeaker  and  a voltage  regulator. 
On  the  second  panel  are  mounted  the  polarizing 
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Figure  14.  Amplifier  circuit  and  frequency  response  for  echo  repeater  of  “stick”  type. 


current  control  and  ammeter.  The  third  section  con- 
tains the  listening  monitor  circuit;  the  fourth,  the 
power  amplifier;  and  the  fifth,  the  voltage  amplifier. 
In  the  sixth  section  of  the  rack,  a battery-charging 
unit  is  mounted,  the  batteries  themselves  being  lo- 
cated in  the  space  below  the  rack.  Figure  15  is  a view 
of  the  rack  as  installed  on  the  Juldi-JValla. 

The  schematic  diagrams  of  the  power  amplifier 
used  in  the  rack  are  given  in  Figure  16.  The  filter 
shown  connected  to  the  input  is  designed  to  have  a 
resistance  independent  of  frequency.  Negative  feed- 
back is  utilized  to  stabilize  gain  and  to  reduce  di.s- 
tortion,  and  voltage  regulator  tubes  are  included 
in  the  power  supply  for  the  61.6  screen  voltages.  I'he 
operating  frequency  was  usually  near  20  or  60  kc. 

Performance 

Idle  performance  of  Smecho^  (see  Figure  1), 
equipped  with  a B-19B  receiving  hydrophone  and  a 
5-in.  ring-stack  transmitter,  was  satisfactory  in  con- 
nection with  the  rack  amplifier  system  just  descrilied. 
For  a period  of  over  a year  it  was  successfully  used  for 
tests  of  QC  equipment.  By  means  of  the  echo  re- 
peater calibrator  a number  of  calibration  tests  were 


made.  On  the  average  it  was  found  that  the  echo 
repeater  could  be  made  to  sinudate  a sphere  44  ft 
in  diameter  with  the  gain  set  10  db  below  the  howl 
point. 

6.4.7  High-Frequency  Stick  Assemblies 

Description 

The  success  of  the  nontowable  echo  repeaters  uti- 
lizing the  stick  assembly  of  transducers  led  to  the 
development  of  a towable  00-kc  assembly  of  similar 
type,  d he  sketch  of  Figure  17  shows  the  essential 
parts  of  the  internal  structure.  Two  laminated  ring 
stacks  are  used  for  the  transducers,  a 1-in.  hard 
nickel  stack  as  the  receiving  and  a 2-in.  soft  nickel 
stack  as  the  transmitting  hydrophone.  Each  has  a 
mean  diameter  of  1 in.  The  transducers  are  con- 
tained within  two  separate  chambers  filled  with  cas- 
tor oil.  These  chambers  are  acoustically  and  elec- 
trically insulated  from  each  other  to  minimize  any 
coupling  action  between  the  transducers  inside  the 
assembly.  A central  tube  passing  through  tile  entire 
assembly  serves  as  a conduit  for  the  electric  cables. 
1 he  mechanical  arrangement  is  designed  to  make 
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Figure  15.  Rack  amplifier  on  Juldi-Walla. 


it  possible  to  disassemble  the  repeater  for  repairs  or 
replacements  without  difficulty.  In  use  a steel  tow- 
ing cable  is  attached  to  one  end  of  the  transducer 
assembly,  the  other  end  of  which  is  fastened  to  a 
depressor,  designed  and  constructed  by  the  San  Diego 
Laboratory  (see  Figure  18). 

Performance 

Several  models  of  the  60-kc  echo  repeater  were 
constructed  before  the  successful  design  illustrated 
by  Figure  17  was  achieved.  In  the  development  of 
the  transducer  assembly  a series  of  difficulties  ex- 
tending over  a period  of  several  months  was  encoun- 
tered. The  early  calibration  measurements,  which 
were  made  near  a pier,  sometimes  showed  variations 
in  equivalent  sphere  size  over  a range  of  20  to  1.  At 
times  this  behavior  was  seemingly  correlated  with 
tide  effects  on  the  turbulence  and  the  trapped  air 
in  the  water  near  docks.  It  is  highly  probable  also 
that  interference  from  reflecting  surfaces  was  a con- 


tributing factor,  since  better  results  were  obtained 
in  deep  water. 

Further  difficulties  in  obtaining  consistent  cali- 
brations were  traced  to  improper  design  in  the  trans- 
ducer assembly  of  the  echo  repeater.  In  the  first  mod- 
els both  transducers  were  located  within  a single 
oil  chamber.  The  operation  in  these  cases  was  found 
to  be  seriously  limited  by  magnetic  and  acoustic  coup- 
ling within  the  transducer  assembly.  Some  feedback 
was  also  traced  to  magnetic  coupling  between  the 
cables  leading  to  the  transducers.  Investigation  of 
these  difficulties  was  complicated  by  the  multitude 
of  variables  involved,  such  as  the  length  of  the  ca- 
bles, the  polarity  of  the  connections,  and  the  pres- 
ence of  balancing  and  filtering  sections  in  the  circuits. 
Eventually,  however,  the  60-kc  repeater  was  so  im- 
proved that  its  variability  and  erratic  behavior  were 
eliminated  and  consistent  calibrations  were  obtained 
whenever  they  were  made  in  undisturbed  water.  The 
performance  of  the  repeater  at  the  Florida  Field 
Station  has  been  satisfactory  in  regard  both  to  con- 
sistency in  calibration  results  and  to  its  use  as  a 
target  for  echo-ranging  gear.  With  90  ft  of  cable 
the  transducer-depressor  combination  tows  at  a depth 
of  about  75  ft. 

6.4.8  Artificial  Doppler  Circuits 

As  soon  as  the  first  echo  repeater  had  been  assem- 
bled at  HUSL,  it  was  realized  that  it  would  be  ad- 
vantageous to  be  able  to  impart  a cloppler  shift  to 
the  repeater  signal.  In  many  cases  a dopplerized  echo 
is  more  easily  recognized  than  one  without  cloppler. 
Moreover,  in  the  development  of  doppler  utilization 
devices  for  sonar  equipment,  a doppler  signal  is 
necessary  for  testing  purposes.  For  these  reasons  a 
number  of  artificial  doppler  circuits  were  designed 
and  incorporated  into  the  HUSL  echo  repeaters  of 
both  the  towable  and  nontowable  types. 

The  artificial  doppler  circuit  of  the  Fecho  repeater 
has  already  been  described  (see  Figure  9).  During 
the  later  development  of  repeaters  three  other  dop- 
plerizing  circuits  were  constructed.^ 

Heterodyne  Doppler-Shifting  Circuit 

A block  diagram  of  the  first  of  these,  designed  for 
a 60-kc  repeater  and  known  as  a heterodyne  shifting 
circuit,  is  given  by  Figure  19.  This  circuit  contains 
two  local  oscillators,  one  of  which  operates  at  a fixed 
frequency  of  80  kc.  Part  of  its  output  is  mixed  with 
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the  incoming  60-kc  signal  to  produce  an  intermediate 
frequency  of  20  kc.  I'he  other  local  oscillator  oper- 
ates at  a frequency  of  80  kc  plus  or  minus  the  de- 
sired doppler  shift  to  be  applied  to  the  outgoing 
signal.  A second  mixer  tube  fed  by  the  two  local 
oscillators  is  connected  to  a tuned  discriminator  cir- 
cuit which  controls  the  frequency  of  the  dopjder- 
shifting  oscillator  by  means  of  a reactance  tube.  1 he 
output  of  this  oscillator  is  also  fed  to  a third  mixing 


tube  in  which  the  intermediate  frequency  is  com- 
bined with  the  doppler-shifted  frequency.  A polarity 
reversing  switch  and  different  discriminator  connec- 
tions make  it  possible  to  provide  signals  with  either 
up  or  down  dopplers  ranging  from  2 to  5 knots. 

Figure  20  is  the  schematic  diagram  of  a similar 
circuit  developed  for  the  6()-kc  echo  repeater  used 
at  the  Florida  Field  Station.  This  dopplerizing  cir- 
cuit is  connected  to  the  echo  repeater  between  the 
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Figure  18.  Depressor  for  submerging  towed  echo  repeater. 


output  of  the  voltage  amplifier  and  the  input  of  the 
60-kc  filter.  A switch  is  provided  to  permit  the  dop- 
pler  circuit  to  be  connected  in  or  out  of  the  repeater 
circuit.  An  intermediate  frequency  of  160  kc  is  used 
instead  of  80  kc  as  in  the  block  diagram  of  Figure  19. 
The  local  oscillators  operate  at  frequencies  of  100  kc 
and  100  kc  ±A/  respectively.  The  possible  doppler 
shifts,  up  or  down,  range  from  i/^  to  10  knots  as  indi- 
cated. A discriminator  output  meter  is  connected 
across  the  grid  of  the  reactance  tube  and  so  provides 
a measure  of  the  doppler  shift  developed  in  the  cir- 
cuit. The  zero  beat  indicator  consists  of  a 6E5  tube 
by  means  of  which  the  two  local  oscillators  may  be 
checked  against  each  other.  In  use  the  large  fre- 
quency-shift dial  is  set  to  correspond  to  the  position 
of  the  discriminator  control  knob.  When  the  circuit 
is  properly  adjusted,  the  desired  doppler  shift  intro- 
duced is  maintained  within  narrow  limits  without 
attenuation.  Satisfactory  operation  has  been  obtained 
both  with  the  foregoing  circuit  and  with  the  modifi- 
cations of  it  designed  for  use  with  20-  and  26-kc  echo 
repeaters. 

Balanced  Modulator  Doppler  Shifter 

A second  scheme  devised  to  obtain  a dopplerized 
signal  from  a stationary  echo  repeater  is  illustrated 
by  the  block  diagram  of  Figure  21.  As  indicated  in 
the  figure,  the  signal  and  the  output  of  a local  oscil- 
lator are  applied  to  phasing  circuits  which  produce 
four  voltages  of  equal  amplitudes  but  in  quadrature 
relationship  for  each  of  the  two  input  voltages.  The 
output  voltages  of  the  inverters  (see  Figure  22)  are 


applied  in  double  push-pull  to  the  grids  of  four  re- 
mote cutoff  pentodes,  the  cosine  components  to  one 
pair,  the  sine  components  to  the  other.  The  plates 
of  these  tubes  are  connected  in  parallel  to  a low- 
resistance  common  plate  load.  The  gain  of  alternate 
push-pull  pairs  is  equalized  by  adjustable  screen  re- 
sistors and  the  common  bias  point  is  cho.sen  so  that 
the  mutual  conductance  of  the  push-pull  pairs  is  a 
linear  function  of  the  grid  voltage  with  the  bias 
voltage  as  origin,  that  is,  square  law  operation  re- 
sults. By  reversing  the  leads  from  the  oscillator  phase 
shifter,  the  output  of  the  circuit  is  changed  from  up 
doppler  to  down  doppler  or  vice  versa.  Circuit  con- 
stants are  chosen  so  that  doppler  shifts  ranging  from 
10  to  1,000  c may  be  obtained. 

In  its  final  form,  a chassis  incorporating  the  above 
circuit  was  found  to  operate  fairly  satisfactorily 
after  having  been  allowed  to  warm  up  for  10  min 
before  adjustments  were  made.  Because  it  was  found 
to  require  frequent  checking,  however,  and  because 
the  simpler  heterodyne  shifter  was  made  available, 
the  balanced  modulator  circuit  has  not  been  used 
for  repeater  service. 


Figure  19.  Block  diagram  of  heterodyne  shifter  doppler 
circuit. 
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Figure  21.  Block  diagram  of  balanced  modulator  doppler- 
shifting  circuit. 


6.4.9  Dopplerized  Stationary  Repeater 

with  Crystal  Transducers 

A dopplerized  echo  repeater,  which  was  often  used 
for  tests  in  Boston  Harbor,  consists  of  a 20-kc  sta- 
tionary crystal  transducer  assembly  and  a deck  elec- 
tronic unit.  The  latter  contains  a voltage  amplifier, 
a heterodyne  doppler-shifting  circuit,  a power  am- 
plifier, and  a listening  amplifier,  all  mounted  in  one 
chassis. 

The  transducer  assembly  consists  of  two  CD-I  crys- 
tal hydrophones  suspended  over  the  side  of  the  vessel 
so  that  the  hydrophones  are  separated  vertically  a 
distance  of  approximately  10  ft.  The  block  diagram 
of  the  electronic  unit  is  given  in  Figure  23.  The 
heterodyne  doppler  circuit  differs  somewhat  from 
that  described  in  connection  with  Figures  19  and 
20  in  that  no  discriminator  circuit  is  included.  The 
frequency  meter  is  therefore  operated  by  a rectifier 
circuit  containing  a square-wave  oscillator.  Figure 
24  is  the  schematic  diagram  of  the  entire  electronic 
unit. 

While  this  repeater  assembly  has  not  been  cali- 
brated, it  has  been  in  frequent  service  and  has  per- 
formed satisfactorily  throughout  its  period  of  use. 

6.4.10  Whale  Echo  Repeater 

General  Considerations 

The  Whale  is  a self-contained  echo-repeater  tar- 
get designed  to  be  towed  at  15  knots  at  a depth  of 
1,000  ft.  The  seamanship  requirements  are  thus  ex- 
traordinarily severe.  In  order  to  reach  the  desired 
depth,  a tow  cable  some  4,000  ft  long  is  required. 
Accordingly,  the  towing  vessel,  in  addition  to  the 
requirements  for  its  own  propulsion  at  the  assigned 
speed,  must  be  capable  of  towing  4,000  ft  of  heavy 
cable  at  this  speed.  The  cable  drag  is  too  large  to 


permit  the  body  to  be  hauled  in  under  way,  and 
the  cable  winch  must  be  extremely  sturdy  to  retrieve 
this  length  of  cable  when  it  hangs  vertically  down- 
ward over  the  fantail.  The  necessity  of  reeling  in  the 
cable  while  lying  to  requires  that  the  body  of  the 
Whale  must  be  capable  of  surviving  repeated  sub- 
mergence to  4,000  ft,  even  though  it  customarily 
operates  at  the  more  modest  depth  of  1,000  ft.  These 
problems  of  seamanship  had  already  been  solved  by 
the  staff  of  ASDevLant  prior  to  the  initiation  of  work 
by  HUSL  on  the  echo  repeater  portion  of  the  Whale. 

Description  of  Mechanical  Assembly 

The  body  of  the  Whale  is  torpedo-shaped  (see  Fig- 
ure 25).  One  section,  which  contains  the  echo-re- 
peater electronic  units,  is  watertight;  the  others  are 
free  flooding.  The  overall  length  of  the  Whale  is 
16  ft  and  its  hull  diameter  15  in.  Its  weight  in  air 
without  the  repeater  assembly  is  2,250  lb  and  in 
water  it  has  a negative  buoyancy  of  1,935  lb.  A depth 
recorder  constructed  by  the  Woods  Hole  Oceano- 
graphic Institution  is  installed.  A hydrostatic  pres- 
sure switch  actuated  at  a predetermined  pressure 
(generally  60  ft  of  water)  is  used  to  open  and  close  the 
electronic  circuits. 

The  pressure  chamber  of  the  Whale  containing 
the  electronic  units  is  about  5 ft  long.  It  consists  of 
four  forged  steel  cylinders  welded  together  and  stress- 
relieved.  The  wall  thickness  of  1^  in.  is  capable  of 
withstanding  an  external  pressure  of  4,000  psi.  The 
ends  of  the  pressure  section  are  removable.  When 
attached  they  are  sealed  with  Bridgman  seals  which 
are  so  designed  that  an  increase  in  external  pressure 
increases  the  sealing  pressure. 

^Vhale  Transducers 

Figure  26  is  a view  of  a Whale  transducer,  one 
of  which  was  attached  to  each  cover  of  the  pressure 
section.  Windows  in  the  Whale  body  permit  free 
transmission  of  sound  to  or  from  the  transducers. 
Each  unit  consists  of  three  stacks  of  laminations  2 in. 
high  polarized  by  a permanent  magnet.  In  order  to 
obtain  the  desired  frequency  of  24.5  kc,  modified 
Hebbphone-IB  laminations  were  used.  The  modifi- 
cations consisted  of  punching  a magnet  slot  in  the 
bottom  end  of  the  lamination  and  shortening  the 
stacks  after  consolidation. 

The  stacks  are  mounted  in  a heavy  aluminum 
casting  with  the  active  faces  Cycle-Welded  to  rubber 


c See  Division  6,  Volume  13. 
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Figure  22.  Schematic  diagram  of  balanced  modulator  doppler-shifting  circuit. 


(liaj)hragnis  which  arc  also  Cyclc-Weklcd  to  the  alum- 
inum case  to  make  a watertight  joint.  The  space 
between  the  sides  of  the  laminated  stacks  and  the 
aluminum  case  is  filled  with  [pressure  release  mate- 
rial, Corprene  in  some  places  and  Cell- rite  neojirene 
in  others.  The  air  spaces  within  the  transducers  were 
vacuum-fdled  with  degassed  castor  oil.  In  order  to 


balance  the  pressure  between  the  inside  and  the  out- 
side of  the  transducer  case,  each  transducer  is 
equipped  with  a sylphon  bellows.  As  the  transducers 
are  subjected  to  greater  and  greater  pressure  from 
the  outside,  the  sylphon  bellows  contract  and  thereby 
force  more  oil  into  the  transducer  case  to  compen- 
sate for  the  contraction  of  the  pressure  release  mate- 
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Figure  23.  Block  diagram  of  20-kc  echo  repeater  with  doppler  shifter. 


rial.  The  three  stacks  of  each  transducer  are  con- 
nected in  series-aiding  and  two  leads  are  brought 
out  through  pressure  seals  to  the  neck  of  the  fitting 
on  the  pressure  chamber.  The  resonant  frequency 
of  the  transducers  is  close  to  24.75  kc,  the  efficiency 
about  19  per  cent. 

Electronic  Equipment  of  the  Whale 

The  amplifier  unit  of  the  Whale  is  located  within 
the  pressure  chamber.  The  power  supply  for  this 
unit  consists  of  a battery  cartridge  which  contains 
all  batteries  required  for  the  various  tube  voltages. 
This  cartridge  is  inserted  into  the  pressure  chamber 
at  the  end  opposite  that  used  for  the  amplifier  unit. 
Battery  power  was  decided  upon  because  of  the  diffi- 
culties attending  the  feeding  of  power  through  a 
cable  4,000  ft  long.  Storage  batteries  are  not  used 
because  of  the  danger  of  explosion. 

The  schematic  diagram  of  the  amplifier  unit  is 
given  in  Figure  27.  The  input  from  the  receiving 
transducer  is  transformer-coupled  to  the  grid  of  the 
first  amplifier  tube  through  an  attenuator  calibrated 
in  2-db  steps.  The  next  two  amplifier  stages  are 
resistance-coupled.  To  stabilize  the  gain  for  varying 
battery  voltages,  a negative  feedback  loop  is  inserted 
between  the  output  of  the  third  stage  and  the  input 
of  the  second.  The  third  stage  is  transformer-coupled 
to  a band-pass  filter  of  the  constant  resistance  type. 
The  output  of  the  filter  is  transformer-coupled  to 


the  grids  of  the  driver  stage  which  in  turn  is  also 
transformer-coupled  to  the  output  stage.  This  stage 
finally  is  also  transformer-coupled  to  the  transmit- 
ting transducer.  To  improve  the  linearity  of  the 
class  B amplifier  characteristic,  part  of  its  output  is 
fed  back  to  the  class  A driver  stage  with  the  proper 
phase  relation  to  cause  degeneration. 

In  order  to  limit  the  average  plate  current  in  the 
output  stage,  an  RC  section  is  inserted  between  the 
dry  cell  plate  supply  and  the  center  tap  of  the  pri- 
mary of  the  output  transformer.  In  this  manner  the 
time  during  which  the  output  tubes  can  draw  plate 
currents  of  more  than  75  ma  is  limited  to  an  interval 
of  50  to  100  msec.  The  need  for  this  limitation  arises 
from  the  possibility  that  continuous  oscillation  of 
the  amplifier  unit  might  be  caused  by  surface  or 
other  reflections  or  by  the  reception  of  a steady  sig- 
nal. Without  this  plate  current  limiter  the  plate  sup- 
ply cells  might  quickly  become  polarized. 

The  function  of  the  constant  resistance  filter  is 
to  reduce  noise  at  frequencies  outside  the  band  over 
which  the  Whale  is  designed  to  operate.  The  advan- 
tages of  this  type  of  filter  are  that  it  appears  as  a 
resistance  at  all  frequencies  and  that  it  permits  the 
use  of  negative  feedback. 

Performance  Tests  of  the  Whale 

Mechanical  Tests.  A number  of  tests  of  the  me- 
chanical performance  of  the  Whale  were  made  by 
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Figure  25.  Whale  body. 


Navy  personnel  both  before  and  after  the  repeater 
unit  had  been  installed  (see  Table  1).  Of  particular 
interest  was  the  behavior  of  the  pressure  seals  of 
the  repeater  section  at  great  depths.  These  fortu- 
nately proved  to  be  watertight  during  all  the  tests 
including  those  made  at  depths  of  2,200  ft.  The  re- 
sults of  a number  of  towing  runs  are  represented  by 
the  graphs  of  Figure  28.  It  is  apparent  from  these 
graphs  that  there  is  no  difficulty  in  obtaining  desired 
depths  if  the  proper  speed  and  cable  length  are  used. 

Acoustic  Test.  The  sketch  of  Figure  29  illustrates 
the  method  used  to  check  the  operation  of  the  Whale 
echo  repeater.  As  shown  in  the  figure,  an  external 
feedback  loop  is  formed  by  means  of  two  auxiliary 
Hebbphone  transducer  sections  coupled  by  an  a-c 
ammeter.  To  obtain  proper  mechanical  coupling 
between  the  auxiliary  and  the  repeater  transducers, 


Figure  26.  Transducer  of  Whale  echo  repeater. 

it  is  advisable  to  coat  all  the  transducer  faces  with 
castor  oil  and  carefully  squeeze  out  all  air  bubbles. 
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4 6 8 10  le  14  16 

SPEED  IN  KNOTS 

Figure  28.  Depth  versus  speed  in  W'hale  lowing  tests. 

If  the  repeater  switch  is  then  closed  with  this  arrange- 
ment and  if  the  electronic  circuits  are  functioning 
properly,  a state  of  continuous  oscillation  of  the  four 
transducers  is  established.  With  a fixed  gain  setting 
the  a-c  ammeter  reading  then  affords  a measure  both 
of  amplifier  efficiency  and  of  battery  regulation. 


Table  1.  Dimensions  and  characteristics  of  the  Whale. 


Dimensions* 

Length 

16  ft 

Hull  diameter 

15  in. 

Hydrofoil  spread 

7.5  ft 

Hydrofoil  width 

29  in. 

Weight  in  air 

2,250  lb 

^Veight  without  ballast 

960  11) 

Negative  huoyancy 

1,935  11) 

Lift 

51. 3 r- 11)  (r  = speed  in  knots) 

Drag 

1/3  the  lift 

Center  of  gravity 

18:^1  in.  abaft  the  nose 

Bridle 

.y^-in.  steel  cable 

Fore  part 

15  ft  6 in. 

After  part 

13  ft  1 in. 

Towline 

4,000  ft  of  y^-in.  steel  cable 

Towing 

Characteristics 

Speed  in 
knots 

Depth  in  ft 
Calc.  Obs. 

Drag  in  lb 
Calc.  Obs. 

Shaft  horse- 
power required 

8 

1,070  1,200 

6,300  6,500 

280 

15 

865  

17,400  

1,450 

* These  fiprures  were  obtained  before  the  echo  repeater  was  placed 
within  the  Whale. 


BE  SURE  TO  KEEP  WATER  BETWEEN  DIAPHRAGMS 
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Figure  29.  Testing  arrangement  for  Whale  echo  repealer. 
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GUIDE  ROPES 


SUSPENSION  CABLE 


GUIDE  ROPES 


Figure  30.  Whale  calibration  arrangement. 


Calibration 

The  calibration  of  the  Whale  was  carried  out  by 
means  of  the  echo  repeater  calibrator  (see  Sections 
6.6-6.11).  Because  of  its  weight  and  the  5-ft  separa- 
tion of  its  transducers,  it  was  necessary  to  provide  a 
special  structure  to  maintain  the  alignment  of  all 
the  transducers  (see  Figure  30).  The  results  of  one 
calibration,  which  was  checked  by  several  later  tests, 
are  given  by  the  graph  of  Figure  45. 

Target  Service  Tests 

Sea  tests  using  the  Whale  for  target  service  tests 
were  made  in  August  1944.  In  these  trials  both  QBE 
equipment  and  a QCS  projector  were  used  for  the 
echo  ranging.  The  depth  of  the  Whale  during  these 
tests  ranged  from  about  400  to  2,000  ft.  A number 
of  echoes  were  detected  by  the  QBE  gear  at  ranges 
from  450  to  1,000  yd.  To  obtain  these  echoes  it  was 
necessary,  however,  to  tilt  the  projector  downwards 
at  least  25  degrees  and  on  some  occasions  45  degrees 
before  the  Whale  was  located.  The  conclusions  to  be 
drawn  from  these  results  are  that  the  beam  of  the 
Whale  is  too  narrow  and  that  it  does  not  emit  suffi- 
cient energy  in  a horizontal  direction.  This  is  borne 


out  by  the  fact  that  no  echoes  were  detected  with  the 
QCS  projector,  the  mounting  of  which  did  not  permit 
tilting.  With  a tiltable  projector  on  the  echo  ranging 
vessel,  however,  the  performance  of  the  \Vhale  is  sat- 
isfactory. On  the  completion  of  the  tests  described 
above,  the  Whale  was  turned  over  to  ASDevLant.  It 
was  continuing  to  give  satisfactory  target  service  in 
the  spring  of  1945  in  connection  with  tests  of  sonar 
equipment  for  depth  determination. 

Gas-Pipe  Echo  Repeater 

Description 

The  final  type  of  HUSL  echo  repeater  consists  of 
a stick  assembly  of  two  transducers  with  an  amplifier 
between  them.  Cables  from  the  transducer-amplifier 
assembly  lead  to  a deck  electronic  unit  which  includes 
power  controls  and  a potentiometer  providing  some 
control  of  the  amplifier  gain.  Because  of  its  shape  the 
transducer-amplifier  unit  became  known  as  the  gas- 
pipe  repeater. 

The  device  consists  of  a cylindrical  amplifier  as- 
sembly enclosed  in  a steel  pipe,  i/4  in.  thick,  4 in.  in 
outside  diameter,  and  23  in.  long.  Transmitting  and 
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Figure  31.  Low  frequency  “gas-pipe”  echo  repeater  assembly. 


receiving  transducer  assemblies  are  bolted  to  the  ends 
of  the  amplifier  unit  extending  the  overall  length  to 
41/2  ft.  The  weight  of  the  combination  is  87  lb.  Fig- 
ure 31  shows  two  views  of  the  model.  The  various 
parts  shown  disassembled  in  the  lower  photograph 
are:  A,  amplifier  chassis;  B,  housing  for  chassis;  C, 
transmitting  transducer;  D,  receiving  transducer; 
E,  F,  I,  J,  water  seals;  G,  H,  streamlining  bands. 

Amplifier  Unit 

Figure  32  is  the  schematic  diagram  of  the  amplifier 
unit.  The  bias  of  the  first  two  stages  of  amplification 
(9003  tubes)  is  controlled  by  a remote  attenuator 
circuit  in  the  deck  electronic  unit.  The  9003  tubes 
are  followed  by  a phase-inversion,  push-pull  stage 
(9002  and  6SN7  tubes).  The  output  of  the  6SN7 


tubes  is  transformer-coupled  to  the  driver  stage  (815 
tubes),  an  auxiliary  secondary  winding  on  the  trans- 
former supplying  negative  feedback.  The  purpose  of 
the  potentiometer  circuit  shown  in  Figure  32  below 
the  815  tubes  is  to  provide  as  stable  a screen  voltage 
supply  as  is  possible  in  the  limited  space  available. 
A four-conductor  shielded  cable  supplies  the  two 
bias  voltages,  the  plate  voltage,  and  current  for  the 
tube  heaters  from  the  deck  electronic  unit. 

Output 

This  repeater  operates  most  efficiently  over  a fre- 
quency range  of  from  25  to  27  kc.  It  is  possible, 
however,  for  the  repeater  to  simulate  a 22-ft  sphere 
for  any  frequency  of  from  20  to  32  kc  by  properly 
adjusting  the  gain  of  the  amplifier.  At  26  kc  the 
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6SN7  0.6  T} 

9002/03  0.15 

TOTAL  FIL  2.8  AMPS 

Figure  32.  Amplifier  circuit  for  low  frequency  “gas-pipe”  repeater. 


equivalent  sphere  radius  is  about  110  ft  with  zero 
attenuation  and  about  4 ft  with  maximum  attenua- 
tion. 

65  RECOMMENDATIONS  FOR 

FUTURE  WORK 

The  echo  repeater  derives  its  primary  usefulness 
from  the  fact  that  it  provides  an  artificial  target  of 
controllable  strength.  However,  it  provides  also  a 
“point”  target,  and  in  this  respect  differs  from  actual 
targets.  Since  some  of  the  phenomena  involved  in 
the  reflection  of  sonar  pulses  from  actual  targets 
depend  upon  their  extent  and  geometry,  it  appears 
desirable  to  conduct  further  investigations  of  the 
reflection  of  sound  pulses  from  extended  targets 
before  placing  too  great  reliance  upon  equipment 
tests  conducted  with  echo  repeaters.  A study  of  the 
fluctuation  of  echoes  from  extended  targets  as  com- 
pared with  that  of  echoes  from  repeaters  should  also 
be  included. 

Although  most  of  the  desirable  features  of  echo 
repeaters,  such  as  audible  monitoring,  control  of 
calibration,  introduction  of  doppler,  and  towability, 


have  been  included  in  the  design  of  one  or  another 
repeater,  no  single  artificial  target  has  included  all 
of  these  features  in  a sufficiently  satisfactory  form  to 
allow  the  unit  to  be  used  as  a manufacturing  pro- 
totype. Many  of  the  requirements,  such  as  towability 
at  considerable  depth  and  ability  to  operate  over 
extended  periods,  are  conflicting;  but  it  appears  pos- 
sible to  formulate  a limited  number  of  specifications 
covering  typical  service  requirements,  and  to  carry 
through  the  engineering  design  work  required  to 
produce  manufacturable  targets  capable  of  giving 
trouble-free  service.  It  is  recommended  that  such 
specifications  be  established,  and  that  the  engineer- 
ing design  work  be  carried  out. 

Several  investigations  have  been  proposed  in  which 
a delayed-action  echo  repeater  is  required.  For  ex- 
ample, such  a device  would  make  possible  a direct 
comparison  between  echoes  received  from  the  vessel 
carrying  the  repeater  and  echoes  from  the  repeater 
itself.  At  least  one  such  instrument  was  utilizedi  in 
connection  with  an  investigation  by  the  West  Coast 
Sound  School  of  the  location  of  the  echo  point  as 
determined  by  bearing  deviation  indicators.  It  op- 
erated, however,  on  the  basis  of  a locally  generated 
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signal  which  did  not  du})licate  the  amplitude  or 
frecjuency  characteristics  of  the  incident  signal.  A 
method  has  been  proposed^  for  obtaining  the  re- 
cpiired  echo  delay  by  recording  the  received  signal 
magnetically  on  a short  loop  of  wire.  Idle  recorded 
signal  would  then  excite  the  transmitter  by  means 
of  a magnetic  pickup  unit  located  a suitable  dis- 
tance along  the  wire  from  the  recording  element. 
In  view  of  the  probable  utility  of  some  such  device 
it  appears  that  further  study  should  be  devoted  to 
the  matter.  Accordingly  the  delayed-action  echo  re- 
peater is  recommended  as  a project  for  inclusion  in 
any  future  clevelojmient  program. 


The  Echo-Repeater  Calibrator 


The  echo-repeater  calibrator  developed  by  HUSL 
is  used  to  determine  the  equwalent  target  sphere  size 
of  an  echo  repeater.  It  includes  a “stimulator”  trans- 
ducer and  a “comparator”  transducer , an  oscilloscope, 
and  electronic  units  designed  for  pulse  generation 
and  amplification.  In  the  usual  calibration  proce- 


dure, the  transducer  combination  of  an  echo  repeater 
and  the  comparator  and  stimulator  transducers  of 
the  echo  repeater  calibrator  are  placed  at  the  vertices 
of  an  equilateral  triangle  haxnng  sides  11  ft  in  length. 
When  operation  commences,  doping  is  sent  out  by  the 
calibrator  through  the  stimulator  transducer  and 
picked  up  by  the  qomparator  transducer.  The  re- 
turned ping  from  the  echo  repeater  being  calibrated 
is  likewise  picked  up  by  the  comparator  transducer 
and  the  tiuo  signals  are  co7npared  upon  the  screen  of 
the  calibrator's  oscilloscope.  This  permits  calibration 
of  the  echo  repeater  at  one  particular  setting  of  its 
gain  control,  and  the  equivalent  sphere  size  at  all 
other  settings  can  then  be  determined  by  computa- 
tion. Nonportable  and  portable  calibrators  have  been 
assembled;  the  portable  unit  is  the  later  model. 

66  INTRODUCTION 

For  purposes  of  echo  ranging,  the  size  of  a target 
is  specified  in  terms  of  an  equivalent  sphere  having 
a perfectly  reflecting  surface.  The  target’s  equivalent 
sphere  would,  it  is  assumed,  reflect  as  much  energy 
to  the  echo-ranging  equipment  as  the  target  itself. 
A class  S submarine,  for  example,  is  conventionally 
considered  to  be  replaceable  by  a sphere  with  a 22-ft 
radius.  The  size  of  the  simulated  sphere  produced 
by  an  echo  repeater  is  directly  proportional  to  the 
ratio  of  acoustic  output  to  input.  Provided  the  sys- 
tem as  a whole  operates  linearly,  the  gain  or  attenu- 
ation settings  of  the  repeater  amplifier  may  be  used 
to  calculate  comparative  values  of  equivalent  sphere 
radii.  To  obtain  the  specific  value  of  the  sphere  ra- 
dius corresponding  to  a particular  amplification, 
however,  the  echo  repeater  must  be  calibrated.  It  is 
this  function  that  the  echo-repeater  calibrator  [ERG] 
has  been  designed  to  perform;  namely,  to  specify 
as  accurately  as  possible  the  actual  value  of  the  equiv- 
alent sphere  radius  for  a given  attenuation  setting 
of  the  echo-repeater  amplifier.  With  this  information 
the  radius  for  any  other  setting  may  easily  be  com- 
puted. 

The  echo-repeater  calibrator  consists  of  a stimu- 
lator transducer,  a comparator  transducer,  an  oscillo- 
scope, and  electronic  equipment  comprising  an  os- 
cillator, a pulsing  circuit,  amplifiers,  and  a power 
supply.  The  calibrator  is  provided  with  controls  so 
that  frequency,  pulse  length,  keying  rate,  power  out- 
put, amplifier  gain,  and  sweep  rate  may  all  be  varied 
appropriately. 
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In  calibrating  an  echo  repeater,  the  repeater,  com- 
parator, and  stimulator  are  located  so  that  each  is 
the  same  distance  from  the  others,  i.e.,  at  the  ver- 
tices of  an  equilateral  triangle.  (See  Figure  33.)  When 
the  stimulator  transducer  transmits  supersonic 
pulses,  the  “repeated”  pulse  from  the  echo-repeater 
transmitting  transducer  arrives  at  the  comparator 
transducer  a few  milliseconds  later  than  the  direct 
stimulator  pulse,  so  that  both  pulses,  by  virtue  of 
screen  persistence,  may  be  seen  simultaneously  on 
the  oscilloscope  of  the  calibrator.  The  echo-repeater 
attenuation  is  then  adjusted  until  the  two  images  are 
of  equal  amplitude.  When  this  condition  has  been 
fulfilled,  the  radius  of  the  equivalent  sphere  repre- 
senting the  echo  repeater  is  equal  to  twice  the  dis- 
tance between  the  echo  repeater  and  the  comparator 
hydrophones. 

The  first  ERG  model  was  constructed  for  checking 
the  Whale,  a deep-towed  echo  repeater.  Successful 
calibration  measurements  were  made  with  it  during 
July  and  August  1944.  The  second  model  of  the  cali- 
brator was  assembled  at  the  HUSL  Florida  Station 
to  check  the  60-kc  echo  repeater  at  that  station. 

In  July  1944,  the  design  of  a portable  target  cali- 
brator with  a compact  assembly  was  undertaken. 
This  type  of  calibrator  has  electronic  equipment  not 
essentially  different  in  operation  from  that  used  in 
the  nonportable  type.  It  is,  however,  contained  in 
a much  smaller  volume.  Model  I of  the  portable 
target  calibrator  was  completed  in  November  1944 
and  operated  satisfactorily  in  calibrating  echo  re- 
peaters on  the  FIUSL  target  boat,  Qiiestor,  in  Boston 
Harbor. 

In  October  1944,  construction  was  begun  on 
Model  II,  an  ultracompact  assembly  of  a portable 
target  calibrator.  The  electronic  circuits,  similar  to 
those  of  Model  I,  were  built  around  miniature  tubes. 
The  laboratory  development  was  completed  but  it 
is  doubtful  whether  the  increased  compactness  of 
Model  II  outweighs  the  disadvantages  of  greater  dif- 
ficulty in  construction  and  servicing. 

The  results  obtained  with  the  various  models 
indicate  that  the  ERG  is  sound  in  principle  and 
very  useful  wherever  an  echo  repeater  is  required 
to  represent  a target  sphere  of  definite  strength.  It 
is  practically  indispensable  in  the  case  of  deep-towed 
repeaters  or  other  repeater  applications  where  pro- 
tracted operation  without  monitoring  is  a necessity. 
Further  development  to  provide  a production  model 
of  the  ERG  is  recommended.  It  is  suggested,  more- 
over, that  special  consideration  be  given  to  the  pos- 


sibility of  developing  built-in  calibrator  equipment 
for  incorporation  in  future  echo-repeater  designs. 

67  THEORY 

67  * Equivalent  Sphere  Concept 

Of  the  various  procedures  for  calibrating  an  echo 
repeater,  the  simplest  consists  in  placing  the  echo 
repeater,  the  comparator,  and  the  stimulator  hydro- 
phones at  the  vertices  of  an  equilateral  triangle  with 
sides  equal  to  R (see  Figure  34).  By  adjusting  the 
echo  repeater  so  that  the  image  heights  of  the  stimu- 
lator and  repeater  pulses  on  the  ERG  oscilloscope 
screen  are  equal,  the  echo  repeater  is  made  to  simu- 
late a reflecting  sphere  whose  radius  r is  equal  to  2R. 
This  means  that  echo-ranging  gear  sending  energy 
to  the  repeater  receives  energy  from  the  repeater,  at 
its  calibrated  gain  setting,  as  though  the  energy  were 
reflected  from  a sphere  of  radius  2R. 

In  the  calibration  technique  as  outlined  above, 
the  echo  repeater  is  represented  as  being  at  the 
center  of  an  imaginary  sphere,  within  which  are 
also  located  the  stimulator  and  the  comparator.  Now, 
an  elementary  analysis  of  the  reflection  properties  of 
a sphere  discloses  that  the  focal  point  of  radiant  en- 
ergy reflected  from  a sphere  is  not  at  its  center  but 
elsewhere  within  the  sphere.  Furthermore,  as  the 
size  of  the  sphere  is  varied,  the  position  of  the  focal 
point  also  varies.  Since  these  matters  are  apparently 
not  taken  into  account  in  the  calibration  process, 
some  justification  of  the  method  is  necessary.  It  can 
be  found  in  the  fact  that,  in  echo  ranging,  the  dis- 
tance between  the  ranging  gear  and  the  target  is 
large  compared  to  the  size  of  the  equivalent  sphere 
of  the  target.  As  far  as  the  echo-ranging  gear  is  con- 
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cerned,  therefore,  the  error  involved  in  assuming  a 
fixed  focal  point  of  reflection  is  negligible.  In  other 
words,  at  large  distances  the  equivalent  sphere  re- 
flects energy  as  though  it  came  from  a point  source. 

In  further  justification  of  the  calibration  pro- 
cedure, it  should  be  noted  that  an  echo  repeater, 
not  being  a real  sphere,  behaves  as  a point  source 
even  when  distances  involved  are  small  compared 
to  the  size  of  the  equivalent  sphere.  It  is  therefore 
entirely  permissible  to  determine  the  outj)ut  of  the 
repeater  by  examining  it  at  the  close  range  used  in 
calibrating.  As  far  as  the  incoming  signal  is  con- 
cerned, the  response  of  the  repeater  to  a given  signal 
is  the  same  whether  that  signal  has  traversed  a great 
distance  or  merely  a short  interval.  The  smallness 
of  the  distances  employed  in  the  calibration  process, 
therefore,  in  no  way  impairs  the  validity  of  the  re- 
sults obtained. 


center  of  the  sphere  and  the  surface  (focal  length 
= r/2). 


Then 


Also 
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In  the  calibration  technique,  the  echo  repeater  out- 
put is  adjusted  so  that  = /i-  It  follows  then  that 
r = 2R,  which  is  the  relation  used  in  the  calibration 
procedure. 


Mathematical  Relations 

The  relations  between  the  incident  and  the  re- 
flected intensities  for  a sphere  may  be  derived  from 
a simple  optical  analogy.  (See  Figure  35.) 


Figure  35.  Reflection  from  sphere. 


Let  /j  = incident  intensity  at  surface  of  sphere 
from  distant  source. 


T = reflected  intensity  at  surface  of  sphere, 

= reflected  intensity  at  distance  R from  ap- 
parent source, 

r = radius  of  reflecting  sphere, 

R = distance  at  which  is  measured, 

P2  = power  of  apparent  source  of  reflected  en- 
ergy. 


For  a perfectly  reflecting  sphere,  Ii  = 1 2,  and  for 
plane  waves  coming  from  a distance,  the  source  of 
the  reflected  energy  is  located  midway  between  the 


68  GENERAL  DESCRIPTION  OF 
CALIBRATORS 

The  echo-repeater  calibrators  discussed  below  are 
of  two  types,  nonportable  and  portable.  Of  the  non- 
portable type,  the  first  model  was  completed  at 
HUSL,  the  second  at  the  HUSL  Florida  Station. 
Of  the  portable  type.  Model  I was  completed;  Model 
II  progressed  to  the  breadboard  stage  but  additional 
engineering  development  would  be  required  to 
qualify  it  for  service  use.  These  four  calibrators 
represent  the  total  number  developed  by  HUSL. 

The  nonportable  calibrators  have  used  high-effi- 
ciency, ring-stack  hydrophones  for  the  stimulator 
transducer  and  B-19H  hydrophones  for  the  com- 
parator transducers,  but  the  equipment  functions 
equally  well  with  any  high-efficiency  hydrophones, 
such  as  the  soft  nickel  or  Permendur  type.  The  elec- 
tronic equipment  of  the  first  model  of  nonportable 
type  is  mounted  permanently  in  a 3-ft  relay  rack. 
It  includes  a Hewlett-Packard  oscillator,  a pulsing 
circuit,  a power  supply,  a voltage  amplifier,  a circuit 
to  supply  polarizing  current  required  for  certain 
hydrophones,  and  a commercial  3-in.  oscilloscope. 
The  second  nonportable  model  uses  hydrophones  of 
the  same  type  as  the  first  model  and  the  same  elec- 
tronic equipment,  with  the  exceptions  that  the  volt- 
age amplifier  is  one  taken  from  a 60-kc  echo  repeater, 
and  that  a 60-kc  filter  has  been  added  to  the  com- 
parator circuit. 

Models  I and  II  of  the  portable  calibrator  both 
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Figure  36.  Sketcli  of  pulses  on  oscilloscope  screen. 


use  B-19H/2  (half-length  B-19H)  hydrophones  for 
comparator  and  stimulator  transducers  in  60-kc  cali- 
brations. For  low-frequency  calibrations,  thin-walled 
ring  stacks  are  preferable.  The  electronic  equipment 
of  Model  I,  mounted  on  a 10x1 7-in.  chassis  and 
contained  in  a case  11x14x22  in.,  forms  a compact 
assembly.  The  electronic  circuits  comprise  the  same 
units  as  those  of  the,  nonportable  type,  except  that 
polarizing  current  is  not  available.  The  power  out- 
put of  the  two  types  of  calibrator  is  approximately 
the  same.  The  Model  II  portable  differs  from  Model  I 
only  in  the  use  of  miniature  tubes,  which  reduce  the 


space  required  for  the  electronic  equipment  and  con- 
sequently make  possible  an  ultracompact  assembly. 

The  voltage  amplifier  in  the  portable  calibrators 
is  a high-gain  untuned  amplifier  which  functions 
satisfactorily  over  a range  of  frequencies  of  from 
18  to  85  kc.  Its  output  is  applied  to  the  oscilloscope 
which,  in  these  models,  is  a 2-in.  tube  with  its  sweep 
circuit  synchronized  with  the  pulsing  circuit  of  the 
stimulator.  For  an  11-ft  separation  of  hydrophones, 
a sweep  duration  of  10  msec,  and  a pulse  length  of 
1 msec,  the  direct  signal  and  the  repeated  signal 
have  the  general  appearance  suggested  by  the  sketch 
of  Figure  36. 

6 9 ELECTRONIC  CIRCUITS 

Figure  37  is  a block  diagram  of  the  electronic  cir- 
cuits used  for  both  types  of  echo-repeater  calibrator. 
In  the  nonportable  type,  the  oscilloscope  sweep  cir- 
cuit makes  use  of  an  internally  developed  voltage. 
In  the  portable  type,  the  oscilloscope  obtains  its 
sweep  voltage  from  the  stimulator  pulsing  circuit. 
This  is  indicated  in  the  figure  by  the  dashed  line. 

6.9.1  Nonportable  Calibrators 

Figure  38  is  the  complete  schematic  diagram  for 
the  present  nonportable  calibrator.  The  comparator 
section  consists  of  a voltage  amplifier  of  standard 
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Figure  37.  Block  diagram  of  calibrator  circuits. 
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design  and  a commercial  3-in.  cathode-ray  oscillo- 
scope. 

The  stimulator  section  comprises  a Hewlett-Pack- 
ard oscillator,  a switching  voltage  generator,  a switch- 
ing circuit,  a voltage  amplifier,  and  a power  ampli- 
fier. A power  supply  unit  is  also  provided. 

Figure  39  is  a detailed  diagram  of  the  switching 
voltage  generator  and  switching  circuit.  Tubes  V-1 
and  V-2  are  grid-controlled  gas  discharge  tubes,  V-3 
and  V-4  medium-^  amplifiers.  The  switching  cir- 
cuit requires  the  cathode  of  V-2  to  be  at  ground 
potential  during  generation  of  the  pulse,  and  at 
some  positive  potential  during  the  remainder  of  the 
pulsing  cycle.  Tube  V-2  (Type  2050)  is  normally 
conducting  but  is  “put  out”  when  V-1  fires,  since 
the  plate  voltage  of  V-1  drops  suddenly,  bringing 
the  plate  voltage  of  V-2  momentarily  down  with  it, 
so  that  the  plate  voltage  of  V-2  is  suddenly  made 
less  than  the  extinction  voltage.  No  current  can  flow 
under  this  condition,  and  the  tube  goes  out.  Before 
the  tube  goes  out,  the  terminal  of  the  0.01-/xf  con- 
denser at  the  grid  becomes  sufficiently  negative,  as 
it  is  charged  through  the  70,000-ohm  potentiometer, 
so  that  V-2  stays  extinguished  temporarily.  However, 
the  plate  voltage  of  V-2  starts  to  increase,  so  that 
the  O.Ol-juf  grid  condenser  begins  to  charge  to  a new 
value.  After  a short  delay  the  grid  voltage  becomes 
sufficiently  positive  to  cause  plate  current  to  flow 
in  V-2  again.  Thus,  the  setting  of  the  70,000-ohm 
potentiometer  determines  how  long  V-2  remains  out 
and  consequently  determines  the  length  of  the  pulse. 
Tube  V-1,  which  determines  the  rate  at  which  the 
pulses  are  generated,  operates  in  a simple  relaxa- 


tion oscillator  circuit,  the  fundamental  frequency 
of  which  is  varied  by  changing  the  adjustment  of 
the  50,000-ohm  potentiometer  in  the  cathode  circuit. 
Tube  V-1  is  not  put  out  when  V-2  fires  because 
the  O.l-fxi  capacity  from  plate  to  cathode  prevents 
the  cathode  potential  from  becoming  more  positive 
than  the  plate  potential.  The  filter  in  the  grid  cir- 
cuit helps  to  minimize  unwanted  interaction  between 
the  two  tubes.  Since  the  voltage  at  the  cathode  of 
V-2  falls  practically  to  zero  within  0.1  msec,  a pulse 
whose  duration  is  0.5  msec  has  a fairly  satisfactory 
envelope.  The  circuit  components  which  permit 
these  short  pulses  to  be  generated  under  stable  con- 
ditions are  not  suitable  for  pulses  much  in  excess 
of  6 msec.  Changing  the  components  to  obtain  longer 
pulses  results  in  the  unstable  generation  of  short 
pulses.  Since  the  pulse  length  wanted  in  calibration 
equipment  is  in  the  range  of  from  0.5  to  4 msec, 
this  circuit  is  satisfactory.  It  is  not  quite  ideal,  how- 
ever, for  the  pulse  front  is  rounded  off  more  than 
is  desirable  when  the  pulses  are  short. 

The  switching  circuit  consists  of  two  dividing 
networks,  abc  and  dbc,  in  which  tube  V-4  (see  Fig- 
ure 39)  comprises  the  lower  leg  be  of  each;  tube  V-3, 
the  upper  leg  ab  of  one;  and  the  60,000-ohm  resistor, 
the  upper  leg  db  of  the  other.  The  60,000-ohm  re- 
sistor and  V-4  divide  the  signal  voltage  from  the 
oscillator,  holding  the  output  low  as  long  as  the 
plate  resistance  of  V-4  is  low,  or  as  long  as  the  grid 
of  V-4  is  at  ground  potential.  When  the  grid  voltage 
of  V-4  is  made  negative,  the  a-c  plate  resistance  in- 
creases, and  the  divider  causes  the  output  (at  A A) 
to  increase.  Tube  V-3  allows  the  signal  to  flow 
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through  without  severe  distortion,  by  causing 
a d-c  current  to  flow  in  V-4  which  exceeds  the  peak 
a-c  current.  By  adjusting  the  circuit  components, 
the  d-c  plate  resistance  of  V-3  can  be  made  to  change 
proportionately  to  the  change  in  the  d-c  plate  re- 
sistance of  V-4.  \Vhen  this  situation  prevails,  the 
d-c  voltage  at  the  junction  between  the  tubes  remains 
constant,  and  there  is  no  transient.  Actually,  the 
transient  cannot  be  entirely  eliminated,  but  it  can 
be  made  negligible  in  comparison  to  the  a-c  signal 
output  voltage.  The  circuit  does  not  cut  off  the  out- 
put voltage  entirely  but  reduces  it  about  40  db  in 
the  off  position.  However,  it  does  make  possible 
extremely  rapid  switching  since  it  is  not  limited  by 
the  inductive  response  of  transformers. 

® Portable  Calibrators 

Model  I 

Figure  40  is  the  complete  schematic  diagram  of 
Model  I of  the  portable  calibrator.  The  components 
of  its  chassis  may  be  classified  as  follows: 

1.  Power  amplifier. 

2.  Receiving  amplifier. 

3.  CRO  circuit. 

4.  Power  supplies. 

5.  Pulsing  circuit. 

6.  Synchronized  sweep  circuit. 

7.  Switching  circuit. 

The  first  four  of  these  components  consist  of  con- 
ventional circuits.  The  power  amplifier  works  on  a 
duty  cycle  principle  in  order  to  reduce  the  power 
supply  requirement  while  maintaining  high  power 
output.  ^Vith  300  v at  the  screens,  400  v at  the  plates, 
and  42  v of  bias,  the  quiescent  plate  current  (no 
excitation)  is  only  about  17  ma.  The  amplifier  pro- 
vides 35  w of  output  power  before  the  excitation 
gets  high  enough  to  cause  grid  current  to  flow.  Feed- 
back is  used  both  to  minimize  distortion  in  the  am- 
plifier itself,  and  to  match  the  amplifier  to  the  out- 
put transducer  so  that  the  energy  transmitted  to  the 
water  varies  as  little  as  possible  with  frequency.  This 
is  accomplished  by  matching  the  load  to  the  genera- 
tor for  most  efficient  energy  transfer  without  feed- 
back at  some  intermediate  frequency,  and  by  de- 
termining the  maximum  power  output  with  this 
matching  condition  at  the  frequency  extremes.  The 
feedback  is  then  adjusted  to  reduce  the  maximum 
power  output  at  the  intermediate  frequency  to  this 
value,  keeping  the  excitation  the  same.  By  properly 
choosing  the  frequency  and  loading  conditions  used 


to  obtain  a match  before  feedback  is  applied,  the 
power  may  be  made  to  vary  with  frequency  so  as  to 
compensate  approximately  for  the  change  in  trans- 
ducer efficiency. 

The  voltage  amplifier  has  a measured  maximum 
voltage  amplification  of  157  db  referred  to  the  half- 
length  B-19H  transducer  open  circuit  voltage  and 
to  the  plate  of  V-4.  Thus,  if  the  transducer  is  in  a 
field  which  generates  1-^v  at  the  transducer  ter- 
minals on  open  circuit,  the  voltage  at  the  plate  of 
V-4  is  37  db  above  1 v,  or  50  v,  when  the  attenuator 
is  set  for  maximum  gain.  This  gain  is  sufficient  to 
amplify  the  noise  due  to  thermal  agitation  in  the 
input  circuit  to  about  i/^  deflection  on  the  CRO. 
It  is  greater  than  necessary  and  experience  seems 
to  indicate  that  130  db  is  sufficient.  Figure  40  may 
be  consulted  for  further  details  concerning  the  power 
amplifier  and  the  voltage  amplifier,  as  well  as  for 
information  regarding  the  conventional  CRO  and 
power  supply  circuits. 

The  remaining  components  of  the  portable  cali- 
brator chassis,  namely,  the  pulse,  sweep,  and  switch- 
ing circuits,  employ  nonconventional  circuits.  In 
view  of  the  fact  that  this  version  represents  a pre- 
ferred form  of  calibrator,  separate  diagrams  and 
descriptions  of  these  circuit  arrangements  are  pro- 
vided. 

Calibrator  Pulse  Rate  and  Pulse  Length  Control 
System.  Figure  41  is  an  illustration  of  that  part  of 
Figure  40  which  has  to  do  with  the  pulse  control. 
The  purpose  is  to  provide  a system  which  will  de- 
velop control  potentials  so  that  pulses  of  adjustable 
length  may  be  transmitted  at  various  rates  and  so 
that  a CRO  may  be  synchronized  with  them. 

With  the  starting  button  open  and  the  power 
turned  on,  V-6  ignites  and  remains  ignited.  The 
drop  across  its  1,000-ohm  cathode  resistor  provides 
a positive  bias  to  the  switching  tube,  thereby  pre- 
venting the  oscillator  from  functioning.  The  left  side 
of  the  0.05-^f  capacitor  is  at  the  potential  of  the 
plate  supply  voltage.  The  right  side  of  the  capacitor 
is  at  a potential  equal  to  the  drop  across  V-6  and  its 
1,000-ohm  cathode  resistor. 

If  the  starting  button  is  closed,  the  0.05-/Af  capaci- 
tor discharges  to  ground  through  V-5  and  its  200- 
ohm  cathode  resistor.  The  right  side  of  the  capacitor 
swings  negative  with  respect  to  ground,  the  value  of 
the  negative  potential  being  the  difference  between 
the  original  drop  across  the  capacitor  and  the  drop 
across  V-5  with  its  200-ohm  resistor. 

Tube  V-6  is  quenched  because  its  anode  has  be- 
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Figure  40.  Schematic  diagram  of  portable  calibrator,  Model  1. 
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come  negative,  and  the  0.1-  and  0.01-/xf  capacitors 
acquire  a negative  charge  through  the  rectifier  V-8. 
The  potential  on  the  left  side  of  the  0.05-/i,f  capaci- 
tor falls  below  the  ionization  potential  of  V-5  because 
of  the  flywheel  action  of  the  inductor,  and  conse- 
quently V-5  is  quenched. 

Both  thyratrons  remain  quenched  as  long  as  their 
control  grids  arc  held  more  negative  than  their  firing 
points  by  the  negative  potentials  on  the  0.1-  and 
0.01 -/xf  capacitors  respectively.  They  re-ignite  when 
the  condenser  potentials  fall  just  below  the  firing 
point. 

During  the  period  when  V-6  is  quenched,  the  bias 
is  removed  from  the  oscillator  switching  tube  and 
the  oscillator  functions.  After  an  interval  dependent 
on  the  time  constant  of  the  0.01-/xf  capacitor  and 
the  0.5-mcgohm  rheostat,  V-6  rc-ignites  stopping  the 
oscillator.  The  length  of  the  pulse  transmitted  by  the 
oscillator  is  determined  by  this  time  constant  and 
may  therefore  be  varied  by  adjustment  of  the  rheo- 
stat. 

WTen  the  negative  potential  on  the  0.1 -^af  capaci- 
tor falls  just  below  the  firing  point,  V-5  re-ignites 
and  the  cycle  is  repeated  automatically  without  use 
of  the  starting  button.  The  repetition  rate  therefore 
depends  on  the  time  constant  of  the  0.1 -/xf  capaci- 
tor and  its  associated  0.5-megohm  rheostat. 


\\dien  V-5  ignites,  a positive  potential  is  devel- 
oped across  its  200-ohm  cathode  resistor,  which  po- 
tential is  utilized  to  trip  the  sweep  control  in  the 
manner  shown  in  the  complete  circuit  diagram 
(Figure  40). 

Since  there  are  no  reactances  in  the  cathode  cir- 
cuit of  V-6,  the  d-c  pulses  are  substantially  square 
waves,  and  because  the  change  in  grid  current  causes 
a transient  in  the  switching  tube,  the  oscillator  is 
started  and  stopped  with  rapidity  sufficient  to  main- 
tain good  form  in  the  output  pulses. 

If  for  any  reason  the  repetition  is  interrupted,  both 
thyratrons  may  remain  ignited.  Opening  the  start- 
ing button  momentarily  restores  operating  condi- 
tions. 

Synchronized  Horizontal  Sweep  System  for  Cnli- 
brntor  CRO.  The  purpose  of  this  system  is  to  pro- 
vide means  whereby  (1)  the  horizontal  sweep  of  the 
echo-repeater  calibrator  oscilloscope  will  be  syn- 
chronized with  the  chosen  pulse  rate,  and  (2)  the 
speed  of  the  horizontal  sweep  may  be  adjusted  to 
present  the  most  desirable  image  (see  Figure  42). 

This  purpose  is  achieved  by  charging  a capacitor 
at  a very  high  rate  and  then  discharging  it  at  a 
substantially  constant  rate  which  may  be  varied.  The 
voltage  developed  by  the  charge  on  the  capacitor  is 
applied  to  the  horizontal  deflection  plates  of  the 
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CRO.  At  the  initiation  of  each  pulse  by  the  pulsing 
system,  an  instantaneous  voltage  appears  at  the  cath- 
ode of  the  pulse  rate  tube.  This  is  applied  differ- 
entially through  the  0.001-/xf  capacitor  to  the  grid 
of  V-7,  thereby  igniting  it.  As  a result,  a surge  of 
current  passes  into  the  O.Oa-juf  capacitor  through 
the  200-ohm  protecting  resistor  and  V-7,  the  time 
constant  of  this  charging  circuit  being  of  the  order 
of  10-5  sec.  This  causes  the  spot  on  the  CRO  to  move 
instantly  to  its  starting  position. 

The  O.Ob-fit  capacitor  immediately  starts  to  dis- 
charge through  V-15,  which  is  a pentode  having  its 
screen  and  grid  voltage  adjusted  to  give  a substan- 
tially constant  plate  current  independent  of  plate 
voltage.  As  the  capacitor  discharges,  the  spot  moves 
across  the  CRO  at  a fairly  constant  speed,  depending 
on  the  rate  of  discharge,  which  may  be  varied  within 
reasonable  limits  by  adjusting  the  4,000-ohm  poten- 
tiometer, which  alters  the  grid  bias.  Owing  to  the 
slight  slope  of  the  plate  current  versus  plate  voltage 
curve  of  a pentode,  the  sweep  speed  is  not  precisely 
constant,  but  the  linearity  has  been  found  adequate 
for  the  present  purpose. 

A fixed  minimum  cathode  bias  is  applied  to  V-15 
which  must  be  sufficient  to  provide  also  a cathode 
bias  for  V-7  to  prevent  its  ignition  until  its  grid  is 
made  positive.  This  bias  is  obtained  from  the  B volt- 
age through  the  0.4-megohm  bleeder  resistor. 

Tube  V-14  (see  Figure  40)  serves  to  increase  the 
beam  intensity  when  a vertical  deflection  voltage  is 
present  so  that  the  indication  is  not  weakened  as  a 
larger  area  is  covered  by  the  beam.  This  feature  was 
included  to  overcome  the  objection  of  insufficient 
intensity  of  indication  for  use  of  the  equipment  in 
broad  daylight,  when  the  intensity  control  has  been 


adjusted  to  safeguard  the  tube  during  zero  signal 
voltage. 

Calibrator  Oscillator  Switching  System.  The  pur- 
pose of  this  system  is  to  provide  means  whereby  a 
supersonic  oscillator  may  be  switched  on  and  off  al 
a repetition  rate  of  approximately  20  times  per  sec- 
ond, the  on  interval  being  adjustable  between  0.0005 
and  0.010  sec  and  the  resulting  pulse  envelope  being 
scpiare  in  form  and  free  from  transients  (see  Figure 
43). 

The  control  for  the  pulse  length  and  repetition 
rate  is  obtained  from  the  pulse  control  system  illus- 
trated in  Figure  41.  The  pulses  generated  in  this 
circuit  are  delivered  to  the  switching  system  in  the 
form  of  on-and-off  positive  potentials  which  are  ap- 
plied to  the  grid  of  the  switching  tube  V-9A  through 
the  5,000-ohm  resistor  which  limits  the  grid  current. 

During  the  off  period  the  grid  is  positive,  caus- 
ing V-9A  to  conduct,  thereby  effectively  imposing 
a short  circuit  on  the  positive  half-cycles  developed 
in  the  tuned  circuit  of  the  oscillator  tube  V-9B  so 
that  it  cannot  oscillate. 

This  oscillator  is  of  the  conventional  Hartley  type 
and  is  tunable  in  two  ranges  over  the  band  of  from 
14  to  90  kc.  The  output  is  taken  from  the  grid  side 
of  the  tuning  coil,  at  which  point  the  waveform  is 
found  to  be  better  than  at  the  cathode. 

AVhen  the  positive  bias  is  removed  from  the  grid 
of  V-9A,  the  resistance  of  that  tube  rises  to  approxi- 
mately 5,000  ohms.  The  slight  transient  in  the  tuned 
circuit  caused  by  the  abrupt  stoppage  of  grid  cur- 
rent in  V-9A  “kicks  off”  the  oscillator,  which  comes 
to  full  amplitude  within  approximately  2 cycles  of 
the  tuned  frequency. 

The  change  in  the  plate  current  of  V-9B  between 
the  oscillating  and  nonoscillating  condition  is  slight 
by  virtue  of  the  values  chosen  for  the  grid  capacitor, 
the  grid  leak,  and  the  cathode  resistor  respectively. 
Any  change  that  does  occur  has  no  appreciable  effect 
on  the  output,  because  the  drop  occurs  across  the 
lower  third  of  the  tuning  coil,  which  has  a resistance 
of  less  than  1 ohm.  There  are  therefore  no  percepti- 
ble switching  transients  in  the  output  circuit. 

During  the  on  period  the  load  on  the  tuned  cir- 
cuit, imposed  by  the  switching  tube,  causes  some 
deterioration  of  waveform.  For  the  present  purpose 
this  has  not  been  found  objectionable.  It  may  be 
corrected  by  passing  the  output  through  suitable  fil- 
ters or  by  providing  a negative  bias  for  the  control 
grid  of  the  switching  tube  to  raise  its  effective  re- 
sistance. This  bias  may  be  supplied  by  a suitable 
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Figure  43.  Oscillator  switching  system. 


by-passed  cathode  resistor  or  by  the  direct  applica- 
tion of  a negative  potential  to  the  grid  of  the  tube 
through  a high  resistance. 

The  merit  of  this  switching  system  is  that  pulses 
of  the  desired  lengths  with  a sufficiently  square  en- 
velope may  be  transmitted  without  encountering  any 
objectionable  transients.  The  result  is  that  the  CRO 
shows  a symmetrical  pulse  image  with  a flat  top  which 
is  useful  in  making  level  comparisons.  It  has  been 
noted  that  the  form  of  the  pulse  envelope  is  good 
enough  to  make  it  possible  to  estimate  the  overall 
Q of  a device  being  measured  by  comparing  the  form 
of  the  directly  transmitted  pulse  with  that  of  the 
pulse  received  from  the  device. 

This  switching  system,  with  minor  modifications, 
was  used  also  in  the  dual  frequency  driver. 

Model  II 

Figure  44  is  the  complete  schematic  diagram  of 
the  portable  target  calibrator  Model  11.  It  is  a coun- 
terpart of  Model  I using  miniature  tubes,  and  the 
analysis  of  the  operation  of  Model  I can  be  applied 
equally  well  to  this  circuit.  Perhaps  the  most  inter- 
esting feature  is  the  power  supply,  which  uses  two 
small  thyratrons  in  a conventional  full-wave  circuit 
to  obtain  the  positive  voltage,  and  two  small  high- 
vacuum  triodes  in  a voltage-doubling  circuit  to  ob- 
tain the  high  negative  voltage  for  the  cathode-ray 
tube.  It  was  feared  that  the  6C4  tubes  used  in  the 
voltage-doubling  power  rectifier  might  not  stand  the 
voltage,  and  that  the  thyratrons  might  backfire  be- 
fore getting  warmed  up,  causing  damage  to  their 
cathodes.  These  troubles  have  not  been  observed  in 
the  limited  laboratory  irse  the  calibrator  has  received. 

Incidental  Observations 

The  ranges  of  adjustments  provided  in  the  cali- 


brator circuits  allow  selection  of  sweep  duration  of 
between  6 and  24  msec,  pulse  rates  of  between  7 and 
30  pulses  per  second,  and  pulse  durations  of  between 
0.5  and  4 msec.  These  adjustments  have  been  pro- 
vided in  the  interest  of  versatility  and  are  not  strictly 
necessary.  The  pulse  rate  adjustment  is  probably  of 
least  importance,  20  pulses  per  second  appearing  to 
be  a universally  acceptable  rate.  There  seems  to  be 
little  need  for  increasing  the  pulse  length  beyond 
2 msec,  although  it  was  initially  felt  that  the  over- 
all effective  Q of  the  calibration  system  might  prevent 
short  pulses  from  reaching  full  amplitude.  The  ad- 
justability of  pulse  length  was  included  to  permit 
easy  checking  of  this  limitation.  Long  sweep  dura- 
tions may  be  found  useful  in  calibrating  low-fre- 
quency, high  Q repeaters,  when  longer  pulse  lengths, 
and  consequently  greater  distances  between  trans- 
ducers, are  required. 

610  PERFORMANCE 

6 1 Calibration  Process 

The  calibration  process  which,  except  for  the  syn- 
chronization adjustment,  is  common  to  the  four  cali- 
brators is  carried  out  as  follows:  The  echo-repeater 
transducers  and  the  calibrator  transducers  are  placed 
at  the  vertices  of  an  equilateral  triangle  in  a hori- 
zontal plane.  Figure  33  illustrates  how  the  trans- 
ducers may  be  suspended  over  the  sides  and  stern 
of  a small  boat,  at  a distance  of  1 1 ft  from  each  other. 
The  usual  depth  of  the  transducers  is  from  6 to  10 
feet  below  the  surface  of  the  water.  Markers  on  the 
hydrophone  cables  make  it  easy  to  insure  that  the 
hydrophones  are  all  at  the  same  depth  below  the 
water  surface. 

When  the  transducers  are  in  place,  the  calibrator 
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circuit  is  turned  on.  After  a sufficient  warming-up 
period,  pulses  from  the  stimulator  appear  on  the  os- 
cilloscope screen.  The  frequency  and  power  output 
of  the  pulses  are  adjusted  by  the  oscillator  controls. 


The  pulse  length  and  pulse  rate  are  fixed  by  proper 
dial  settings.  The  sweep  circuit  is  synchronized  with 
the  pulse  rate  (manually  with  the  nonportable,  auto- 
matically with  the  portable  type)  and  the  attenua- 
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Figure  15.  Calil)iation  curve  for  Whale  echo  repeater. 


tion  adjusted  until  a stationary  image  of  convenient 
height  is  maintained  on  the  oscillosco})e  screen,  indi- 
cating proper  reception  of  the  direct  stimulator  signal. 

The  echo-repeater  circuit  is  turned  on  next.  \Vhen 
it  is  functioning  properly,  the  repeated  signal  also 
appears  on  the  screen.  Since  the  j^ath  difference  for 
the  direct  and  the  repeated  signals  is  1 1 ft,  the  sepa- 
ration of  the  two  images  on  the  screen  corresponds 
approximately  to  2.2  msec.  The  pulse  length  should 
therefore  be  about  1 msec  if  the  images  are  not  to 
overlap.  The  attenuation  of  the  echo-repeater  am- 
plifier is  then  adjusted  until  the  echo  signal  has  the 
same  height  as  the  direct  signal. 

Under  these  conditions  the  echo  repeater  simu- 
lates a sphere  whose  radius  is  twice  the  distance  be- 
tween the  transducers,  and  a simple  calculation  gives 
the  radius  for  any  other  setting  of  the  gain  control. 
If,  for  example,  the  attenuation  setting  required  to 


obtain  equal  image  heights  is  30  db  for  an  1 1 ft  sepa- 
ration of  hydrophones,  the  radius  of  the  equiva- 
lent sphere  of  the  repeater  is  22  ft.  An  attenuation 
setting  of  18  db  would  then  correspond  to  an  equiva- 
lent sphere  radius  of  88  ft.  Idiis  follows  from  the 
fact  that  decreasing  the  repeater  attenuation  by  12 
db  increases  the  output  voltage,  and  thereby  the 
equivalent  sphere  size,  by  a factor  of  about  4. 

The  equivalent  sphere  concept  has  led  to  a fur- 
ther development  of  calibration  standards,  in  terms 
of  the  target  strength  unit.  Target  strength  units 
[TSU]  are  defined  by  the  relation 


TSU  = 20 


logio 


Sphere  diameter  in  yards 
4 


An  equivalent  sphere  of  radius  of  2 yd  or  6 ft  has 
a TSU  of  zero;  a sphere  with  a radius  of  22  ft  has  a 
rSU  of  11.3.  One  may  also  say  that  a 22-ft  sphere 
is  1 1.3  db  above  a 6-ft  sphere  in  reflecting  power. 


Typical  Results 

The  first  model  of  the  nonportable  type  of  echo- 
repeater  calibrator  was  constructed  for  the  purpose 
of  checking  the  performance  of  the  AVhale  echo  re- 
peater (see  Section  6.4.10).  The  results  of  one  cali- 
bration run  are  shown  by  the  graph  of  Figure  45. 
File  data  were  obtained  in  the  following  manner: 
The  distances  between  the  comparator  transducer 
and  the  stimulator  transducer,  between  the  AVhale 
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Figure  40.  Calibration  curves  for  Questor  echo  repeater. 
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receiving  transducer  and  the  stimulator  transducer, 
and  between  the  Whale  transmitting  transducer  and 
the  comparator  transducer  were  fixed  at  1 1 ft.  The 
attenuation  setting  of  the  Whale  was  kept  at  6 db 
throughout  the  test.  The  frequency  of  the  stimula- 
tor pulse  was  varied  from  21  to  30  kc.  At  25  kc  the 
amplitudes  of  the  direct  pulse  and  the  repeater  pulse 
on  the  oscilloscope  screen  were  equal.  It  follows  that 
at  25  kc  the  radius  of  the  equivalent  sphere  of  the 
Whale  is  22  ft  when  its  attenuation  setting  is  6 db. 
At  other  frequencies  the  gain  of  the  comparator  had 
to  be  adjusted  to  obtain  the  same  height  of  repeated 
pulse  image  as  at  25  kc.  From  the  observed  gains  at 
various  frequencies,  the  corresponding  target 
strength  units  were  then  calculated. 

The  graphs  of  Figure  46  summarize  the  calibration 
data  obtained  from  a series  of  tests  made  on  the 
Questor  echo  repeater  in  President  Roads,  Boston 
Harbor,  with  the  Model  I portable  calibrator.  Curves 
lA  and  IB  indicate  the  attenuations  of  the  echo  re- 
peater, to  produce  a standard  target  strength  of  11.3 
units  at  different  frequencies,  under  the  most  favor- 
able and  the  most  unfavorable  conditions  respec- 
tively. The  difference  of  about  4 db  between  the  two 
curves  represents  the  normal  uncertainty  in  making 
calibrations  in  water  conditions  such  as  those  of 
President  Roads.  The  results  for  graphs  lA  and  IB 
were  obtained  with  a filter  in  the  amplifier  but  with 
no  balancing  capacitors  connected  to  the  transmit- 
ting transducer  of  the  echo  repeater.  Curves  2 and  3 
indicate  average  results  when  balancing  capacitors  as 
well  as  a filter  were  used. 


6 CONCLUSIONS  AND 

RECOMMENDATIONS 

Experience  with  the  echo-repeater  calibrator  has 
demonstrated  the  soundness  of  the  acoustic  princi- 
ple employed  and  the  usefulness  of  the  device  in 
in  connection  with  any  work  involving  the  employ- 
ment of  echo  repeaters  to  provide  a known  target 
strength.  The  equipment  may  take  a variety  of  forms 
to  meet  specific  needs.  In  many  applications  of  echo 
repeaters  which  do  not  involve  towing,  it  may  be 
convenient  to  mount  the  calibrating  transducers  on 
a rigid  framework  attached  to  the  echo  repeater  it- 
self. In  this  way  calibrations  can  be  made  intermit- 
tently while  the  repeater  is  in  use.  For  deep-towed 
repeaters  or  other  applications  in  which  the  repeater 
must  operate  for  long  periods  without  monitoring, 
much  time  can  be  saved  and  uncertainties  avoided 
by  making  a careful  calibration  before  the  repeater 
is  launched. 

None  of  the  models  of  the  echo-repeater  calibrator 
received  sufficient  production  engineering  develop- 
ment to  qualify  it  as  a manufacturing  prototype.  It 
is  recommended  that  further  development  work  be 
devoted  to  the  design  of  the  echo-repeater  calibrator, 
and  that  the  instrument  be  procured  in  limited  num- 
bers for  use  by  sound  schools  and  other  naval  groups 
engaged  in  the  test  or  evaluation  of  sonar  equipment. 
It  is  anticipated  that  further  development  work  de- 
voted to  this  subject  will  also  provide  design  infor- 
mation useful  for  the  construction  of  echo  repeaters 
having  built-in  calibration  facilities. 
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Automatic  Target  Positioner 


The  automatic  ta rge t positioner  is  an  attachment  to 
the  dead  reckoning  tracer  which  indicates  the 

location  of  a target  at  any  given  instant.  It  depends 
upon  information  received  by  radar  equipment  and 
automatically  transmitted  by  the  radar  operator  as  he 
manipulates  the  range  and  bearing  cursors  of  the 
A scope  and  the  PPL  This  information  governs  the 


action  of  small  serx'o  motors  which  control  the  posi- 
tion of  a light  spot,  representing  the  target,  upon  the 
DRT  plotting  surface.  The  light  spot  may  be  utilized 
for  the  simultaneous  tracking  of  several  different  tar- 
gets. This  device  loas  developed  by  the  San  Diego 
Laboratory  of  the  University  of  California  Division 
of  War  Research  [UCDWR]. 
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Fi(;ure  1.  Dead  reckoning  tracer  assembly. 


71  INTRODUCTION 

Thk  automaiic:  target  positioner  [ATP]  is  an 
adjunct  which  may  be  added  to  the  standard 
Navy  Arma  dead  reckoning  tracer  [DRT].  (See  Fig- 
ure 1.)  Its  purpose  is  to  spot  the  position  of  a target 
on  the  geographical  plot  of  the  DRT  automatically 
and  in  accordance  with  input  data  supplied  by  the 
radar  operator  in  the  normal  course  of  his  opera- 
tions. At  present,  ranges  and  bearings  are  reported 
verbally  to  CIC  by  the  radar  operator  or  from  the 
sonar  hut  and  are  then  plotted  on  the  DRT  by  hand 


with  the  aid  of  a drafting  machine  or  by  use  of  the 
compass-rose  projector.  This  method  is  slow  and  its 
accuracy  is  dependent  on  the  skill  of  the  plotting 
personnel.  At  best,  only  a very  few  targets  can  be 
plotted  simultaneously.  The  verbal  transmission  of 
information  may  also  lead  to  large  errors  or  blun- 
ders. 

The  automatic  target  positioner  places  a target 
position  directly  on  the  plotting  surface  of  the  DRT 
by  means  of  a light  spot  representing  the  target.  In 
operation,  the  following  steps  are  taken.  The  radar 
operator  locates  a target  in  the  usual  manner  and 
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cranks  the  radar  range  and  bearing  cursors  into 
their  proper  positions  on  the  A and  PPI  scopes.  In 
so  doing,  he  also  transmits  the  target  position  data 
and  thus  automatically  moves  the  target  light  spot 
to  the  correct  position  in  relation  to  own-ship’s  light 
spot  on  the  DRT. 

7 2 GENERAL  PRINCIPLES  OF 

OPERATION 

The  magnitudes  of  the  60-c  a-c  voltages  in  the  east- 
ing and  northing  circuits  are  set  in  by  the  manual 
operation  of  the  range  crank  and  the  bearing  cursor 
crank  at  the  radar  set.  The  range  crank  positions 
the  slider  of  a precision  Variac  and  affects  both  the 
easting  and  northing  voltages  uniformly  and  in  pro- 


portion to  the  range  (Figure  2).  The  bearing  cursor 
crank  rotates  the  rotor  of  a precision  two-phase  con- 
trol transformer  and  thereby  determines  both  the 
easting  and  northing  voltages  in  such  a way  that 
= V cos  Aj,  and  Fjv  = V sin  A,  where  the  voltage  V 
varies  directly  as  the  range,  A is  the  true  bearing  of 
the  target,  is  the  generated  easting  voltage  and 
is  the  generated  northing  voltage.  That  is,  the 
polar  coordinates  of  the  target  (with  own  ship  as  the 
origin),  which  are  determined  by  the  radar  operator 
as  target  range  and  bearing,  are  converted  into  cor- 
responding rectangular  voltage  components  Ve  and 
Ve-  The  next  step  is  the  employment  of  these  rect- 
angular target  position  voltages  for  the  automatic 
positioning  of  a target  carriage  in  the  DRT  with  re- 
spect to  own-ship’s  position.  The  basic  scheme  em- 
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Figure  3.  Electric  schematic  of  the  automatic  target  positioner  circuit 
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ployed  is  to  set  up  easting  and  northing  voltage 
scales  in  the  DRT  by  means  of  linear  potentiometers, 
which  extend  over  the  entire  travel  ranges  of  the 
DRT  carriages  in  the  east  and  north  directions,  and 
which  thereby  furnish  a coordinate  system  for  lo- 
cating the  target  relative  to  own  ship.  Suppose  for 
example  that  a voltage  drop  of  0.5  v per  inch  is 
established  on  the  potentiometers  with  the  positive 
terminals  at  the  north  and  east  ends  respectively. 
Then  for  any  arbitrary  position  of  own  ship  on  the 
DRT  table  (and  of  the  corresponding  own-ship  elec- 
tric slider  contacts  on  the  potentiometers),  voltages 
= 1,  = 2 would  determine  a position  2 in. 

to  the  right  (east)  and  4 in.  up  (north)  from  own- 
ship’s  position. 

It  remains  to  explain  how  the  voltages  set  in  by 
the  radar  operator  cause  the  target  carriage  to  seek 
the  corresponding  voltages  on  the  DRT  potentiom- 


eter. The  method  employed  (see  Figures  2 and  3)  is 
to  form  circuits  which  place  the  E and  N control  and 
the  DRT  potentiometer  voltages  in  series-opposition, 
and  which  drive  positioning  motors  with  the  am- 
plified difference  voltage.  Thus,  to  effect  east-west 
j^ositioning,  the  amplified  unbalance  voltage  drives 
an  east-west  positioning  motor,  which  is  coupled  to 
the  target  carriage  in  such  a sense  as  to  drive  it  in  a 
direction  tending  to  minimize  the  voltage  unbalance 
and  to  be  satisfied  only  when  this  difference  is  zero. 
A similar  and  simultaneous  action  in  the  north-south 
direction  produces  a resultant  rest  position  of  the 
target  carriage,  determined  by  the  input  coordinates 
which  are  set  in  by  the  radar  operator. 

Full  details  concerning  the  components  and  ac- 
cessories of  the  ATP  may  be  obtained  by  consulting 
the  laboratory  completion  report  of  the  UCDWR  on 
the  DRT. 


Antisubmarine  Attack  Plotter 


The  antisubmarine  attack  plotter  is  an  instrument 
which  traces  upon  an  oscilloscope  screen  the  courses 
of  own  ship  and  the  target  during  an  antisubmarine 
attack.  Speed  and  bearing  information  froin  the  ship’s 
log  and  co?npass  sen>es  to  maintain  proper  position 
of  oivn-ship’s  spot  upon  the  screen.  The  oscilloscope 
siueep,  starting  from  own-ship’s  position,  as  an  echo- 
ranging  ping  is  emitted,  moves  across  the  screen  in  a 
directioji  determined  by  the  bearing  of  the  echo-rang- 
ing projector.  Upon  reception  of  an  echo,  the  sioeep 
terminates  in  a bright  spot  which  shows  the  position 
of  the  target.  Through  screen  persistence,  the  position 
spots  remain  visible  for  several  minutes  and  thereby 
trace  out  the  courses  of  the  two  vessels.  The  instru- 
ment also  generates  a “predictor  line”  of  adjustable 
direction  and  length,  which  appears  on  the  oscillo- 
scope screen  as  a bright  streak,  extending  forivard 
from  ozvn-ship’s  position.  This  makes  it  possible  to 
determine  the  correct  range  and  bearing  to  be  used 
by  the  depth-charge  projectors  in  a forward-throiuing 
attack.  The  instrument  was  developed  by  the  General 
Electric  Company  under  the  auspices  of  the  National 
Defense  Research  Committee. 


Figure  4.  The  General  Electric  antisubmarine  attack 
plotter  [ASAP]. 
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73  INTRODUCTION 

In  an  antisubmarine  attack  made  by  a surface  ves- 
sel on  a submerged  submarine,  the  basic  problem  is 
to  develop  from  range  and  bearing  information,  ob- 
tained by  use  of  echo-ranging  equipment,  the  gen- 
eral course  and  speed  of  the  submarine  so  that  the 
attacking  surface  vessel  may  determine  the  proper 
course  to  steer  and  proper  time  to  fire.  Any  one 
item  of  information  giving  momentary  range  and 
bearing  merely  tells  the  attacking  ship  where  the 
target  is  momentarily  located  relative  to  the  attack- 
ing ship.  Successive  ranges  and  bearings,  and  rates 
of  change  of  these  quantities  must  be  interpreted  by 
the  conning  officer  to  yield  an  estimate  of  the  target’s 
course  and  speed.  Changes  in  these  rates  must  also 
be  examined  in  order  to  determine  whether  the  tar- 
get resorts  to  some  change  in  course  and  speed,  since 
such  changes  may  be  expected  from  the  submarine 
when  the  latter  is  engaged  in  evasive  maneuvers. 

The  problem  of  delivering  an  accurate  attack  is 
complicated  by  a number  of  important  factors. 

1.  At  best,  range  and  bearing  information  ob- 
tained from  echo-ranging  equipment  under  antisub- 
marine attack  approach  conditions  is  neither  satis- 
factorily accurate  nor  obtained  frequently  enough. 
The  accuracy  and  frequency  of  this  range  and  bear- 
ing information  depend  on  the  ability  of  the  equip- 
ment operator,  the  capabilities  of  the  equipment  it- 
self, the  water  conditions  affecting  transmission  of 
sound,  and  the  effective  size  of  the  submarine  as  an 
acoustic  reflector.  The  last-named  factor  is  in  turn 
dependent  on  a number  of  changeable  conditions. 

2.  The  maneuverability  of  the  attacking  vessel  is 
a major  factor  in  determining  not  only  the  accuracy, 
but  especially  the  rapidity,  with  which  range  and 
bearing  information  is  needed.  Unless  evasive  ma- 
neuvers of  the  submarine  can  be  detected  sufficiently 
early,  the  lag  of  the  attacking  vessel  in  altering  course 
may  lead  to  inadequate  countering  of  the  evasive 
maneuvers. 

3.  Depth  charges  especially,  and  Hedgehog  or 
Mousetrap  projectiles  to  a lesser  extent,  require  time 
to  sink  to  the  depth  at  which  an  explosion  is  to 
take  place.  Accordingly,  the  charges  must  be  landed 
on  the  water  in  a definite  location  ahead  of  the  sub- 
marine, this  ahead-allowance  depending  on  the  esti- 
mated speed  of  the  submarine  and  the  estimated  time 
required  for  projectile  descent.  Because  of  the  ne- 
cessity of  making  this  allowance,  an  attacking  vessel 
needs  to  perform  a more  difficult  operation  than 


would  be  involved  in  merely  steering  a collision 
course,  and  the  conning  officer  must  continually  re- 
value the  allowance  which  he  is  to  make. 

An  experienced  conning  officer,  particularly  if  he 
is  assisted  by  a sound  range  recorder  in  proper  oper- 
ating condition,  can  ordinarily  interpret  the  range 
and  bearing  information  received  from  the  echo- 
ranging equipment  so  as  to  conn  his  ship  accurately. 
There  are  various  qualifications  which  might  be 
made  to  this  statement,  but  it  is  desired  to  indicate 
that  with  the  combination  of  experienced  conning 
officers,  good  sound  operators,  and  good  equipment, 
an  attack  director  is  of  much  less  value  than  under 
less  favorable  conditions.  Since  the  problem  is  essen- 
tially a navigational  one,  an  experienced  conning 
officer  may  to  a large  extent  perform  in  his  head, 
perhaps  even  by  inductive  judgments,  much  that  an 
attack  director  could  do  for  him.  However,  particu- 
larly with  the  large  expansion  necessary  in  the  num- 
ber of  antisubmarine  vessels,  it  appeared  that  diffi- 
culties in  developing  a sufficient  number  of  well- 
trained  conning  officers  might  indicate  an  important 
need  for  attack  directors. 

Because  of  the  complicated  character  of  the  con- 
ning problem,  as  illustrated  by  the  factors  listed 
above,  and  because  of  uncertainties  as  to  the  best 
method  of  presenting  attack  director  information,  it 
was  desirable  to  develop  and  examine  a number  of 
different  designs  of  attack  directors.  In  general,  these 
attack  directors  were  assigned  the  function  of  assim- 
ilating the  echo-ranging  data  during  an  attack,  and 
of  indicating  to  the  conning  officer,  either  by  plot- 
ting or  computing  techniques,  the  proper  attack 
course  to  be  steered  and  the  proper  time  for  release 
of  depth  charges  or  for  firing  ahead-thrown  missiles. 

The  antisubmarine  attack  plotter  [ASAP],»  as  its 
name  implies,  utilizes  the  plotting  rather  than  the 
computing  technique  (see  Figure  4).  The  develop- 
ment of  this  device  grew  out  of  earlier  work  on  a plan 
position  indicator  [PPI]  for  showing  on  a persistent 
oscilloscope  screen  the  range  and  bearing  of  echoes 
viewed  by  the  QC  sound  gear.  The  PPI  presented 
a relative  polar  plot  of  own  ship  and  target,  and  it 
was  thought  that  a navigational  plot,  or  map,  of  own- 
ship’s  course  and  target’s  course  would  be  more  use- 
ful, particularly  to  less  experienced  officers.  The  pres- 
ent attack  plotter  automatically  draws  such  a map 
on  the  persistent  screen  of  a cathode-ray  tube.  These 
courses  appear  as  a series  of  bright  spots  on  the  re- 


a Originally  called  the  oscilloscope  course  plotter. 
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tentive  screen  and  for  a typical  test  attack  situation 
would  look  somewhat  as  shown  in  Figure  5. 

In  the  situation  pictured,  the  attacking  ship  makes 
a QC  contact  with  the  submarine  at  a range  of  1,500 
yd  dead  ahead  while  steaming  on  course  325.  Succes- 
sive QC  transmissions  and  echoes  show  that  the  tar- 
get is  drawing  to  the  right,  so  the  conning  officer 
takes  lead  to  the  right  in  order  to  proceed  to  the 
attack.  As  the  courses  of  both  submarine  and  de- 
stroyer develop,  he  makes  adjustments  in  his  helm, 
so  that  when  contact  is  lost  at  350  yd  (the  last  echo 
from  submarine  on  left)  the  conning  officer  feels  cer- 
tain the  ship’s  stern  will  cross  the  target’s  projected 
course  sufficiently  ahead  to  insure  successful  attack; 
that  is,  he  will  lead  the  target  by  an  amount  of  time 
equal  to  the  sinking  time  of  the  charges  to  the  depth 
he  has  decided  upon.  In  the  sketch,  pinging  has  been 
stopped  after  loss  of  contact,  and  so  own-ship’s  course 
is  not  plotted.  Moreover,  we  have  assumed  a friendly 
submarine  and  fire  has  been  withheld,  so  that  both 
ships  continue  on  and  contact  is  resumed.  The  QC 
operator  scans  astern  and  to  starboard,  and  again 
finds  the  target  with  the  echoes  as  shown,  thus  com- 
pleting the  traces. 

The  first  tests  of  an  instrument  of  this  kind  were 
made  on  the  USS  Rathburne  at  San  Diego  during 
April  1942.  A more  compact  and  improved  instru- 
ment was  then  constructed  and  tested  on  the  USS 
Semmes  at  various  times  during  the  summer.  Statis- 
tical tests  of  a similar  instrument  were  made  on  the 
Sangamo  trainer  at  the  West  Coast  Sound  School, 
San  Diego,  during  July  1942.  The  instrument  was 


modified  a little  later  by  the  addition  of  a predictor 
for  use  with  forward  throwers,  which  indicates  on 
the  screen  the  point  to  which  the  charges  will  be 
thrown.  This  modification  was  tested  on  the  Semmes 
in  October.  Finally,  the  General  Electric  Company 
performed  production  design  work  and  produced  the 
ASAP  in  quantity  for  the  Navy.  It  was  made  standard 
equipment  aboard  destroyer  escorts  and  was  installed 
extensively  in  other  escort  craft  such  as  frigates  and 
mine  sweepers.  It  is  difficult  to  estimate  the  exact 
number  of  equipments  put  into  service  but  the  total 
probably  exceeds  1,000. 

7 4 GENERAL  DESCRIPTION 

The  oscilloscope  attack  plotter  indicates  on  a per- 
sistent screen  the  position  and  course  of  the  ship 
on  which  it  is  installed,  and  the  position  and  course 
of  a submarine  in  its  vicinity  with  which  contact 
has  been  made  by  sound  echo-ranging  apparatus. 
The  course  of  own  ship  is  supplied  to  the  instrument 
from  the  compass  repeater  system,  and  from  a vari- 
able transformer  whose  voltage  output  is  propor- 
tional to  ship’s  speed.  The  sound  beam  sent  out  from 
the  QC  gear  is  shown  by  sweeping  the  cathode-ray 
trace  across  the  screen.  The  sweep  originates  at  a 
point  on  the  screen  corresponding  to  own-ship’s  po- 
sition, and  at  the  same  time  as  the  QC  transmission. 
This  point  is  marked  on  the  screen  by  momentarily 
brightening  the  trace.  The  direction  of  motion  of 
the  sweep  is  along  the  true  bearing  of  the  sound 
beam,  and  its  speed  is  such  as  to  reproduce  correctly 
the  distances  of  objects  from  which  echoes  are  ob- 
tained. The  position  of  a submarine  is  marked  on 
the  screen  by  using  the  echo  to  brighten  the  trace 
at  that  point.  Own-ship’s  trace  and  the  echo  trace 
form  a map  on  the  face  of  the  tube.  This  map  per- 
sists for  about  2 min  if  the  tube’s  face  is  properly 
shielded  from  light  by  a viewing  hood,  or  if  the  room 
is  reasonably  dark. 

There  is  a transparent  plotting  table  mounted 
directly  above  the  screen  on  which  a more  perma- 
nent record  of  the  traces  can  be  marked  with  a grease 
pencil.  In  general,  own  ship  and  the  target  both 
move  off  screen  after  an  approach.  If  it  is  desired 
to  maintain  contact  with  the  target  for  a second  ap- 
proach, a larger  transparent  sheet  can  be  laid  on  the 
plotting  table  and  the  traces  marked  on  this.  When 
the  traces  move  off  screen,  they  are  brought  back 
by  turning  own-ship’s  positioning  controls,  and  the 
tracing  sheet  is  shifted  to  match  the  new  position  of 
own-ship’s  trace.  In  this  way  a continuous  record  of 
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the  motions  of  own  ship  and  target  may  be  kept  over 
a long  period. 

The  attack  plotter  sets  are  designed  to  be  used  on 
the  bridge  or  in  the  chart  room  by  the  control  officer 
who  is  planning  an  antisubmarine  attack.  The 
courses  on  the  tube,  as  he  views  them,  are  represented 
on  a true  bearing  scale  with  south  on  the  side  of  the 
tube  by  the  observer.  Positioning  knobs  allow  the 
observer  to  shift  his  own-ship’s  position  on  the  screen 
at  any  time,  north  or  south  and  east  or  west.  The 
entire  instrument  can  be  used  as  a position  plan 
indicator  by  turning  off  the  variable  autotransformer 
supplying  own-ship’s  speed. 

Once  a submarine  has  been  located  by  standard 
searching  methods,  echoes  begin  to  appear  on  the 
screen  of  the  tube.  If  contact  is  lost,  the  observer  can 
see  where  the  QC  operator  should  scan  to  re-estab- 
lish contact.  Conversely,  he  can  see  where  he  has 
searched  unsuccessfully  without  finding  a target. 
Spurious  echoes  due  to  water  noise  appear  on  the 
screen,  and  also  echoes  from  wakes.  Sometimes  the 
former  can  be  diagnosed  by  their  randomness.  It  is 
necessary  for  the  QC  operator  to  maintain  good  con- 
tact with  the  target;  otherwise  the  submarine  trace 
on  the  screen  is  not  complete  enough  for  the  control 
officer  to  decide  what  maneuver  the  submarine  is 
executing,  and  to  conn  the  ship  accordingly.  This 
requirement  is  best  met  when  the  sound  gear  includes 
the  right-left  bearing  indicator  [RLI  or  BDI],  which 
aids  the  sound  operator  in  keeping  the  center  of  the 
sound  beam  fixed  on  the  point  of  the  target  that 
gives  the  strongest  echo.  If  the  RLI  is  not  available, 
a possible  alternative  is  for  the  sound  operator  to  de- 
termine the  two  cutoffs  of  the  target  and  then  to 
indicate  the  center  bearing  on  the  oscilloscope  by 
setting  the  projector  on  the  center  bearing  and  press- 
ing a foot  pedal  which  intensifies  the  next  echo  on 
the  screen.  This  foot  pedal  is  not  normally  included 
with  the  attack  plotter  but  can  be  added  if  necessary. 

By  pressing  a predictor  knob  at  the  left  of  the  tube, 
the  operator  can  project  a line  on  the  screen,  cen- 
tered about  own-ship’s  position.  7 his  line  serves  two 
purposes;  (1)  If  the  predictor  knob  is  in  the  central 
position,  the  line  lies  along  own-ship’s  course  and 
is  useful  in  estimating  whether  this  course  bears  the 
desired  relation  to  the  target.  (2)  When  a forward 
thrower  is  being  used,  the  length  of  the  line  can  be 
adjusted  to  match  the  range  of  the  projectile.  More- 
over, by  turning  the  predictor  knob,  the  line  can  be 
rotated  up  to  20  degrees  on  either  side  of  own-ship’s 
course  so  as  to  bring  its  end  in  a more  favorable  posi- 
tion with  respect  to  the  target  on  the  screen.  The 


final  true  bearing  of  this  line  is  read  on  a synchro 
repeater,  and  the  operator  of  the  forward  thrower 
should  keep  his  projector  trained  on  this  bearing. 

7 5 MODE  OF  OPERATION 

Own-Ship’s  Position  Indication 

The  neck  of  the  cathode-ray  tube  passes  through 
two  yokes  fitted  with  deflection  coils  and  through  a 
focus  coil  (see  Figure  6).  When  the  focus  coil  has 
approximately  7 nia  flowing  through  it,  a sharply 
defined  bright  spot  is  focused  near  the  center  of  the 
screen.  By  applying  a d-c  voltage  to  the  north-south 
pair  of  coils  on  the  stationary  course  plotter  yoke, 
the  beam  can  be  deflected  from  the  center  of  the 
screen  to  a new  position  along  what  is  designated 
as  the  N-S  direction  on  the  screen.  A voltage  applied 
to  the  coils  on  the  other  sides  of  this  yoke  deflects  the 
beam  in  the  E-W  direction.  In  each  case  the  linear 
deflection  is  directly  proportional  to  the  voltage  ap- 
plied. The  mapping  of  own-ship’s  course  is  effected 
by  applying  properly  changing  voltages  to  these  pairs 
of  deflection  coils  from  two  potentiometer  units.  The 
movable  arms  of  the  potentiometers  are  driven  me- 
chanically at  rates  proportional  to  ship’s  speed  along 
the  N-S  and  the  E-W  directions.  The  way  in  which 
this  is  accomplished  is  as  follows. 

Scott-connected  transformers  are  supplied  from 
the  three  field  leads  of  the  compass  repeater.  The 
two  pairs  of  output  leads  from  the  Scott  transformers 
supply  a-c  voltages  proportional  to  the  components 
of  the  ship’s  heading  in  the  N-S  direction  and  in  the 
E-W  direction,  i.e.,  to  cos  a and  sin  a,  where  a is  the 
ship’s  true  heading.  It  is  arranged  also  to  obtain 
from  a variable  autotransformer  an  a-c  voltage  in 
phase  with  the  Scott  transformer  voltages  and  pro- 
portional to  ship’s  speed  in  magnitude. 

The  a-c  voltages  from  the  Scott  transformer  out- 
puts are  applied  to  the  voltage  coils  of  two  special 
watthour  meters,  while  the  a-c  voltage  from  the  vari- 
able autotransformer  is  applied  to  the  current  coils 
of  the  two  watthour  meters,  in  series  with  each  other 
and  a fixed  resistor.  The  disk  of  the  N-S  meter  turns 
at  a rate  proportional  to  ship’s  speed  times  cos  a, 
and  the  disk  of  the  E-W  meter  turns  at  a rate  propor- 
tional to  ship’s  speed  times  sin  a.  A reversal  of  direc- 
tion of  rotation  of  the  N-S  disk  occurs  each  time  the 
ship’s  heading  shifts  through  the  E-W  direction,  and 
of  the  E-W  disk  as  the  heading  shifts  through  the 
N-S  direction. 

The  rotation  of  each  watthour  meter  disk  is  fol- 
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lowed  mechanically  by  a small  synchronous  inductor 
motor  which  acts  as  a reversible  torque  amplifier. 
Each  motor  has  a gear  box  whose  shaft  can  turn  at 
4 rpm.  I'his  shaft  drives,  through  gears  and  a long 
shaft,  the  contact  arm  of  the  potentiometer  with 
which  it  is  associated;  and  it  drives,  directly,  a pair 
of  contacts  which  follow  the  motion  of  an  arm  driven 
by  die  associated  watthour  meter.  I'he  motor  turns 
so  as  to  keep  the  contacts  away  from  the  arm  which 
is  driven  by  the  watthour  meter. 

Each  potentiometer  is  mounted  on  the  cabinet  so 
that  its  winding  can  be  rotated  manually  with  re- 
spect to  its  contact  arm.  Hence,  the  moving  spot  rep- 
resenting own-ship’s  position  can  be  repositioned  at 
any  time.  If  the  potentiometer  arm  is  driven  to  the 
end  of  the  winding,  it  crosses  a small  gap  (]/^  in.)  and 
resumes  contact  with  the  winding  at  its  other  end. 
I'his  reverses  the  polarity  of  the  course  plotter  coil 
connected  between  the  arm  and  the  mid-point  of  the 
winding.  The  spot  reappears  on  the  opposite  side 
of  the  screen  and  travels  across  the  screen  once  more, 
or  as  the  watthour  meter  dictates.  The  spot  disap- 
pears before  the  arm  has  reached  the  end  of  the 
potentiometer  winding,  for  the  electron  beam  is  lim- 
ited in  its  traverse  by  the  neck  of  the  tube. 

Sweep  Direction  Control 

The  yoke  on  which  the  sweep  coil  is  wound  is 
mounted  on  the  shaft  of  a synchro  differential  gen- 
erator whose  three  S leads  are  wired  to  the  compass 
repeater  system,  and  whose  three  R leads  are  wired 
to  the  generator  which  repeats  the  relative  bearing 
of  the  QC  projector  below  the  ship.  Thus  the  sweep 
coil  is  positioned  so  that  a voltage  applied  to  the 
coil  deflects  the  electron  beam  across  the  face  of  the 
tube  in  a direction  corresponding  to  the  true  bearing 
of  the  QC  sound  transmission. 

Keying,  Sweep,  and  Own-Ship’s  Position 

The  voltage  which  deflects  the  electron  beam  is 
of  sawtooth  wave  shape.  The  beginning  of  the  sweep 
is  synchronized  with  the  transmission  of  the  QC  by  a 
keying  relay,  which  has  contacts  for  triple-pole 
double-throw  operation.  When  the  relay  coil  is 
pulsed,  the  armature  spring  nearest  to  the  frame  of 
the  relay  grounds  the  sweep  condenser  (C-15)  and 
on  opening  initiates  the  sweep,  i.c.,  the  sloping  por- 
tion of  the  sawtooth  voltage.  Since  the  keying  relay 
parallels  the  QC  keying  relay,  the  range  of  the  sweep 
automatically  shifts  as  the  QC  is  shifted  from  1,000 
to  2,000  yd,  5,000  yd,  or  hand  keying.  On  a 9-in. 


oscilloscope  tube,  ranges  beyond  2,000  yd  do  not 
appear,  the  sweep  goes  off  the  edge  of  the  screen  as 
the  current  through  V-5  and  V-6  (6N7’s)  continues 
to  increase.  Sixty-five  milliamperes  through  the 
sweep  coils  gives  a deflection  of  8i/^  in.  The  control 
of  swee})  intensity  is  by  R-36,  which  varies  the  volt- 
age of  the  cathode  of  the  oscilloscope  with  respect 
to  ground. 

7'he  middle  armature  sjuing  of  the  relay  momen- 
tarily grounds  the  screen  grid  of  tube  No.  4 (6SJ7) 
to  reduce  amplification  of  the  reverberation  noise 
following  the  QC  transmission. 

The  outer  armature  spring  is  used  to  brighten  the 
spot  on  the  oscilloscope  screen  at  the  time  when  the 
sweep  starts.  This  is  done  by  momentarily  connect- 
ing condenser  C-16  to  a charging  circuit,  and  then 
discharging  it  on  to  the  grid  of  the  oscilloscope  when 
the  keying  relay  opens.  The  brightness  of  own-ship’s 
spot  can  be  regulated  by  adjusting  the  spot  intensity 
potentiometer  R-31,  which  determines  the  voltage  to 
which  C-16  is  charged.  The  brightening  of  the  initia- 
tion point  of  the  sweep  allows  the  course  of  one’s 
own  ship  to  be  traced  on  the  screen,  as  this  initiation 
point  moves  about  under  the  influence  of  the  course 
plotter  coils. 

The  keying  relay  is  energized  by  the  discharge  of 
a 7-jLif  condenser  through  its  coil  and  rectifier  tube 
V-8  (6X5)  whenever  the  QC  keying  relay  is  closed. 
The  pulse  from  the  condenser  is  stepped  up  in  volt- 
age by  a transformer  to  give  faster  operation  of  the 
relay.  The  rectifier  tube  prevents  the  relay  from 
being  energized  when  the  QC  keying  circuit  is 
opened. 

Echo  Reception 

To  place  an  echo  visually  on  the  sweep,  an  audio 
signal  from  the  QC  receiver-amplifier  must  reach  the 
grid  of  the  cathode-ray  tube.  The  signals  from  the 
QC  receiver  vary  greatly  in  intensity  with  the  gain 
setting  and  include  a large  amount  of  local  rever- 
beration noise  which  would  cause  distracting  traces 
on  the  screen  without  contributing  any  useful  in- 
formation. Moreover,  the  true  echoes  from  a target 
have  an  appreciable  length  and  give  short  lines  (i/^ 
or  s/g  in.)  on  the  screen,  instead  of  points.  A more 
definite  trace  of  the  submarine’s  path  is  obtained  if 
the  circuit  is  designed  so  that  only  the  first  part  of 
each  echo  appears  on  the  screen.  With  these  ends  in 
view,  the  echo-receiving  circuit  includes  three  kinds 
of  volume  control: 

1.  A time  variation  of  gain.  The  purpose  of  this 
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is  to  reduce  sensitivity  just  after  transmission  of  the 
QC  signal  in  order  to  avoid  cluttering  up  the  screen 
by  reverberation  traces.  This  is  accomplished  by 
grounding  the  screen  grid  of  V-4  by  the  keying  relay 
at  the  instant  of  transmission.  The  screen  grid  re- 
gains voltage  (and  sensitivity)  at  a rate  determined 
by  R-22  and  C-13.  A time  constant  of  0.2  sec  for  this 
circuit  has  been  acceptable  in  practice. 

2.  An  average  control  of  sensitivity  to  match  the 
strength  of  signal  received  from  the  QC.  Connection 
is  made  in  the  QC  amplifier  to  the  resistor  on  the 
grid  of  the  power  tube  which  supplies  the  QC  red 
light  output.  A part  of  the  signal  from  this  point 
is  fed  through  C-1  on  to  the  grid  of  V-1  (6SK7)  and 
is  amplified  and  fed  through  C-3  and  C-1 2 to  the  grid 
of  V-4  (6SJ7).  From  the  plate  of  V-4,  the  amplified 
signal  goes  to  the  oscilloscope  grid  via  condensers 
C-1 4 and  C-1 6.  The  echo  intensity  is  controlled  by 
potentiometer  R-33. 

The  signal  from  V-1  is  also  amplified  by  V-2  (6SQ7) 
and  V-3  (6SQ7)  via  C-5.  This  signal  is  rectified  by  the 
diode  half  of  V-3  and  applied  as  a negative  bias  to 
the  grid  of  V-1.  The  time  constant  of  this  control 
determined  by  C-1 8,  R-17,  and  R-18  is  approximately 
0.2  sec.  This  slow  AVC  partially  equalizes  the  inten- 
sity of  the  audio  signals  being  amplified  and  keeps 
the  general  sweep  level  constant. 

3.  A control  for  shortening  the  duration  of  a 
strong  echo  on  the  screen.  This  function  is  performed 
by  the  diode  portion  of  V-2  which  rectifies  the  signal 
coming  through  C-4  and  so  applies  momentary  nega- 
tive bias  to  the  grid  of  the  output  tube  V-4  when  a 
long  and  strong  signal  is  received.  Condensers  C-6, 
C-7,  C-9,  R-8,  R-9,  R-10,  R-11,  and  R-19  determine 
the  time  constant  (approximately  0.05  sec)  of  this 
fast  AVC  and  the  amount  of  the  suppressing  action, 
and  finally  filter  the  audio  signal  from  V-2  to  prevent 
its  controlling  the  grid  of  V-4. 

When  the  right-hand  control  switch  is  positioned 
on  echo,  the  condenser  C-8  is  connected  between  the 
common  point  of  R-9  and  R-10  and  B — . The  output 
of  V-2  is  shorted  to  ground  through  C-8  and  the  short 
AV C is  out  of  action. 

When  the  switch  is  on  the  AVC  position,  condenser 
C-8  is  opened  and  the  short  AVC  control  comes  into 
operation. 

Predictor  for  Forward  Throwers 

To  place  a line  on  the  screen  to  indicate  the  posi- 
tion of  the  center  of  a forward-thrown  charge  pat- 
tern in  relation  to  the  submarine,  it  is  necessary  to 
press  the  control  knob  to  the  left  of  the  screen.  This 


closes  a microswitch  which  energizes  a four-pole  re- 
lay. The  relay  opens  the  sweep  coil  so  as  to  return 
the  sweep  to  own-ship’s  position,  shorts  resistor  R-54 
in  the  cathode  of  the  cathode-ray  tube  to  brighten 
the  spot,  and  energizes  the  primaries  of  a pair  of 
Scott-connected  transformers  from  a 5D  synchro 
whose  rotor  is  mechanically  connected  to  the  pre- 
dictor knob.  The  secondaries  of  these  transformers 
are  connected  in  series  with  the  course  plotter  coils 
and  ring  potentiometers.  The  transformers  impose 
a directed  60-c  a-c  voltage  on  the  spot.  This  produces 
a line  whose  length  is  proportional  to  the  output 
voltage  of  the  transformers  and  whose  direction  on 
the  screen  is  changed  by  turning  the  rotor  of  the 
5D  synchro  with  the  predictor  knob.  If  the  knob  is 
set  in  its  central  position,  the  line  points  along  the 
heading  direction  of  the  ship  and  turns  as  ship’s 
heading  changes.  Stops  prevent  the  knob  from  being 
turned  more  than  20  degrees  to  the  left  or  right,  as 
this  represents  the  maximum  train  of  present  for- 
ward throwers. 

The  Scott  transformers  are  tapped  so  that  the  out- 
put voltage  can  be  changed.  This  permits  the  length 
of  the  line  to  be  varied  with  ship’s  speed.  A multiple 
switch,  mounted  behind  the  speed  control  autotrans- 
former, effects  the  proper  tap  changes.  On  ships  hav- 
ing a Pitometer  log,  this  correction  is  put  in  manu- 
ally by  a switch  mounted  directly  on  the  cover.  The 
switch  can  be  set  well  in  advance  of  the  attack  if  it 
is  to  be  carried  out  at  some  previously  decided  con- 
stant speed. 

Power  Supplies 

The  total  power  requirement  of  the  attack  plotter 
is  approximately  2.3  amp  at  110  v,  60  c.  Power  sup- 
ply chassis  are  located  at  the  bottom  of  the  cabinet. 
Transformer  T-1,  two  5U4G  rectifiers,  and  a filter 
circuit  with  30-/xf  condensers  and  a swinging  choke 
supply  approximately  400  v for  the  circuit  box;  trans- 
former T-2,  an  879  rectifier,  and  filter  condensers 
followed  by  two  1.0-megohm  protective  resistors  fur- 
nish 4,000  V for  the  screen  of  the  oscilloscope.  A safety 
switch  under  the  large  power  supply  opens  when  the 
unit  is  removed  from  the  cabinet.  This  breaks  the 
400-  and  4,000-v  circuits,  but  leaves  the  110-v  a-c  line 
and  a 90-v  d-c  supply  in  the  small  chassis  box  still 
on.  Care  should  be  exercised  if  the  4,000-v  supply  to 
the  oscilloscope  tube  is  ever  operated  with  the  cabinet 
open. 

The  90-v  d-c  supply  (from  transformer  T-3,  a sele- 
nium rectifier,  condensers,  and  choke)  powers  the 
500-ohm  potentiometers  P-1  and  P-2,  and  provides  a 
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small  negative  current  through  the  sweep  coils  and 
R-57  for  centering  the  spot. 

PlTO^^ETER  Log  Follow-Up 

On  ships  having  a Pitomctcr  log  it  is  easy  to  in- 
stall a small  repeater  which  automatically  positions 
the  arm  of  a variable  transformer,  to  supply  voltage 
proportional  to  ship’s  speed.  If  there  is  no  Pitometer 
log  or  similar  system  to  which  an  automatic  follow- 
up can  be  applied,  the  speed  transformer  must  be 
set  manually  as  the  ship’s  speed  changes. 

Compass  Inverter 

On  ships  which  have  a synchro  generator  repeat- 
ing the  gyrocompass,  there  is  no  difficulty  in  supply- 
ing ship’s  heading  to  the  course  plotter  unit.  The 
primaries  of  the  Scott  transformers  and  the  field 
leads  of  the  synchro  differential  generators  connect 
directly  to  the  field  leads  of  the  synchro  generator. 
The  load  thus  added  to  the  gyrocompass  repeater 
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system  is  less  than  25  w.  Once  an  original  alignment 
has  been  made,  the  course  plotter  units  position  cor- 
rectly whenever  the  gyro  is  turned  on,  as  do  all  the 
repeaters  on  the  gyrorepeater  system. 

Special  repeaters  for  the  course  plotter  must  be 
used  on  ships  which  have  a d-c  gyrocompass  repeater 
system.  A d-c  repeater,  connected  to  the  ship’s  sys- 
tem, positions  a synchro  generator  which  supplies 
the  course  plotter  unit  with  the  proper  voltages  for 
heading  indication. 

Since  the  d-c  repeater  locks  in  at  various  positions, 
the  synchro  generator  must  be  correctly  positioned 
with  respect  to  the  gyrocompass  whenever  the  latter 
is  started.  To  effect  this,  the  step-by-step  motor  cir- 
cuit is  opened  by  the  switch  button  and  the  synchro 
generator  is  then  positioned  by  moving  the  edge  of 
the  disk  protruding  through  the  cover.  When  the 
gyro  indicates  the  ship’s  heading  is  north,  the  refer- 
ence mark  on  the  disk  should  be  located  in  the  cen- 
ter of  the  opening. 


Mechanical  Geographic  Attack  Plotter 

The  mechanical  geographic  attack  plotter  [MGAP] 
is  a deihce  for  plotting  oxvn-ship's  course  and  target's 
course  in  an  antisubmarine  attack.  Although  the 
original  model  (Type  R)  provided  only  a ship-cen- 
tered plot  of  target's  motion,  the  second  and  third 
models  (Types  F and  L)  give  geographic  plots,  show- 
ing both  own-ship's  and  target's  course.  Automati- 
cally controlled  pencils  produce  the  plots  on  the 
underside  of  a sheet  of  translucent  paper  lighted  from 
below.  The  top  surface  of  the  paper  is  thus  freed  for 
the  operator's  use  in  making  measurements  and  em- 
ploying templates  to  plan  the  course  of  an  attack.  The 
plotter  was  developed  by  HUSL. 


76  INTRODUCTION 

The  cathode-ray  plotters,  attack  plotters  widely 
used  by  the  Navy,  did  not  provide  permanent  traces 
of  ships’  courses  on  the  oscilloscope  screen.  The  me- 
chanical geographic  attack  plotter  [MGAP]  was  an 
attempted  improvement,  providing  permanent 
traces  from  a completely  mechanical  aid  for  the  con- 
ning officer. 

Instruments  of  three  different  types  were  built  and 
tested.  The  first  was  designed  to  produce  a simple 


Figure  7.  Mechanism  of  early  model  mechanical  geo- 
graphic attack  plotter,  Type  R. 


relative  (ship-centered)  plot,  and  is  designated  Type 
R.  The  submarine’s  course  was  traced  on  a circular 
plotting  board  by  a pencil  attached  to  an  arm  of 
variable  length  pivoted  at  the  center  of  the  board, 
at  which  point  own  ship  was  imagined  to  be.  The 
second.  Type  F,  was  a true  geographic  plotter,  pro- 
viding a trace  of  the  path  of  own  ship  as  well  as  that 
of  the  target.  A carriage  corresponding  to  own  ship 
was  driven  by  a single  friction  wheel  rolling  on  a 
plane  at  a speed  proportional  to  that  of  the  ship  and 
in  a direction  representing  own-ship’s  true  bearing. 
Mounted  on  the  carriage  was  an  arm  which  traced 
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the  course  of  the  target  as  in  the  first  design  and 
also  a pencil  to  trace  own-ship’s  course. 

In  the  final  Type  L plotter,  the  motion  of  the  car- 
riage representing  own  ship  is  controlled  by  two 
lead  screws  at  right  angles  to  each  other  in  the  man- 
ner of  the  odograph.  The  speeds  of  rotation  of  these 
screws  are  proportional,  respectively,  to  the  north- 
south  and  east-west  components  of  own-ship’s  course. 
On  the  carriage  is  the  arm  whose  angular  position, 
governed  by  the  orientation  of  the  ship’s  projector 
combined  with  ship’s  gyro,  represents  the  true  bear- 
ing of  the  target,  and  whose  length,  governed  by 
echo  time,  represents  target  distance.  Pencils,  one 
at  the  end  of  the  movable  arm  and  the  other  at- 
tached to  the  carriage,  trace  out  the  desired  paths 
on  the  underside  of  a translucent  sheet  of  tracing 
paper  illuminated  from  below  to  eliminate  shadows. 

The  lead-screw  type  plotter  functioned  essentially 
as  planned.  However,  interest  was  transferred  to  the 
development  of  computing  equipment  which  would 
solve  the  entire  attack  problem;  MGAP  merely  de- 
picts a history  of  the  maneuvers.  The  project  was 
therefore  terminated. 

7 7 RELATIVE  PLOTTER -TYPE  R 

The  mechanism  of  the  ship-centered  Type  R plot- 
ter is  shown  in  Figure  7.  A circular  table  rests  on 
support  B,  which  in  turn  supports  the  translucent 
plotting  chart  in  such  a manner  that  a pencil  in 
holder  A can  trace  the  path  of  a submarine  on  the 
underside  of  the  chart. 

Three  inputs  were  required  to  operate  this  mech- 
anism: (1)  ship’s  heading,  (2)  target  heading,  and 
(3)  target  range. 

Ship’s  heading  was  obtained  from  a specially  con- 
structed compass  card  and  soft-iron  armature  ar- 
rangement which  provided  a small  a-c  voltage  that 
was  a function  of  compass  orientation.  This  voltage 
was  amplified  and  used  to  drive  a motor  to  rotate 
the  plotting  table  in  accordance  with  ship’s  heading. 

Target  range  and  bearing  were  introduced  by 
means  of  two  coaxial  shafts  located  inside  the  hollow 
shaft  of  the  plotting  table.  The  outer  shaft  was  syn- 
chro-driven to  rotate  with  ship’s  projector.  The  hori- 
zontal arm  holding  the  pencil  was  keyed  to  the  upper 
end  of  this  shaft,  and  thus  its  angular  position  cor- 
responded to  target  bearing.  A rack  on  this  arm 
meshed  with  a pinion  on  the  inner  shaft  and  thus 
served  to  extend  or  retract  the  arm  as  the  shaft 
turned.  This  shaft  was  likewise  synchro-driven,  with 
motor  input  taken  from  a manually  operated  range 


follower  mounted  on  the  QC  range  indicator.  Thus 
the  distance  of  the  pencil  from  the  shaft  at  any  in- 
stant represented  submarine  range.  A range  scale  of 
approximately  200  yd  to  the  inch  was  adopted. 

Since  suitable  targets  were  not  available  during 
the  period  this  plotter  was  tested  at  sea,  only  quali- 
tative performance  was  observed.  As  far  as  could  be 
determined  the  unit  operated  according  to  design. 

78  FRICTION-DRIVE  PLOTTER-TYPE  F 

The  basic  component  of  the  friction-drive  plotter 
shown  in  Figure  8 was  a carriage  driven  by  a single 
friction  wheel  rolling  on  a plane  at  a speed  propor- 
tional to  own-ship’s  speed  and  in  a direction  repre- 
senting own-ship’s  bearing.  Pivoted  on  the  carriage 
was  a horizontal  arm  whose  angular  position  at  any 
instant  corresponded  to  target  bearing.  The  length 
of  the  arm  was  varied  by  a rack  and  pinion  and  made 
proportional  to  target  range.  A pencil  attached  to 
the  carriage  and  one  at  the  end  of  the  arm  produced 
a continuous  record  of  the  course  of  both  own  ship 
and  submarine  on  the  underside  of  a sheet  of  trans- 
lucent paper  stretched  across  a frame  serving  as  the 
lid  of  the  plotter. 

Four  input  quantities  were  required:  (1)  own-ship’s 
speed,  (2)  own-ship’s  bearing,  (3)  target  bearing,  and 
(4)  target  range.  Each  of  these  drove  a specially  de- 
signed ratchet-type  motor  — a motor  in  which  a gear- 
wheel was  rotated,  tooth  by  tooth,  by  the  action  of  a 
magnet  on  a ratchet  arm.  Pulses  of  current  to  the 
magnet  were  supplied  by  a thyratron  triggered  by 
a transmitting  contactor. 

On  the  assumption  that  completely  reliable  re- 
sponse could  be  obtained  to  electric  impulses  ap- 
plied to  such  motors,  the  various  drives  on  the  car- 
riage were  not  equipped  with  follow-up  mechanisms. 
Instead,  follow-ups  were  relegated  to  the  electronic 
control  chassis  thereby  reducing  the  weight  and  vol- 
ume of  equipment  moving  with  the  carriage. 

One  of  the  ratchet  motors  turned  the  carriage  to 
own-ship’s  true  heading  in  relation  to  a framework 
within  which  the  carriage  was  free  to  move  east-west 
while  the  framework  itself  was  free  to  move  north- 
south.  The  ship’s  speed  motor  drove  a friction  wheel 
that  moved  the  carriage  over  the  bottom  of  the  plot- 
ter box  at  a rate  proportional  to  the  speed  of  the  ship 
and  in  the  direction  of  the  ship’s  true  heading.  Since 
the  mechanism  controlling  the  target  arm  rotated 
with  respect  to  the  carriage,  slip  rings  and  brushes 
were  provided  for  the  inputs  to  target  range  and 
target  bearing  motors. 
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Consideral)le  mechanical  backlash  showed  up  in 
the  initial  tests.  When  this  was  reduced  to  a reason- 
able amount,  the  frictional  load  was  so  increased 
that  the  ratchet  motors  were  unable  to  operate  the 
unit,  at  least  with  the  current  pulses  then  available 
from  the  thyratron  in  the  control  circuit.  Work  on 
this  plotter  was  therefore  suspended  in  favor  of  the 
I'ype  L unit. 

7 9 LEAD  SCREW  PLOTTER -TYPE  L 

The  Type  L lead  screw-driven  plotting  unit, 
shown  in  Eigure  9 with  its  recording  surface  raised, 
was  produced  in  cooperation  with  the  Department 
of  Terrestrial  Magnetism  of  the  Carnegie  Institution 
of  W^ashington. 

General  Description 

Tautly  stretched  tracing  cloth,  treated  to  prevent 


absorption  of  moisture,  presents  a 24-in.  square  plot- 
ting surface.  14ie  true  course  of  own  ship  and  that 
of  the  target  are  both  plotted  (200  yd  to  the  inch) 
by  automatic  pencils  on  the  underside  of  this  sur- 
face. Fluorescent  lights  within  the  box  illuminate  the 
surface  in  a way  that  eliminates  undesirable  shadows. 

The  auxiliary  computing  and  driving  equipment 
includes  a dead  reckoning  analyzer,  servomecha- 
nisms, power  supplies,  and  gear  boxes  for  adjusting 
rotation  ratios.  To  facilitate  testing,  this  auxiliary 
ecjuipment  was  assembled  on  a breadboard  chassis. 

Sources  of  Input  Information 

The  four  fundamental  kinds  of  information  re- 
(piired  by  the  geographic  attack  plotter  are  obtained 
in  the  following  manner: 

Own-Ship’s  Speed 

Own-ship’s  speed  is  obtained  from  an  overside  im- 
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Figure  9.  Geographic  plotter,  Type  L,  with  plotting  sur- 
face raised. 

peller.  However,  any  device  that  delivers  information 
in  the  form  of  impulses  occurring  at  a rate  propor- 
tional to  ship’s  speed  might  be  used. 

Own-Ship’s  Course 

The  true  course  Og  being  followed  by  own  ship  is 
obtained  from  a compass-controlled  servo  system 
which  may  be  either  a control  transformer  servo  in- 
stalled directly  on  the  ship’s  gyro  line  or  a photoelec- 
tric magnetic  compass  follower  such  as  the  one  used 
with  the  dead  reckoning  tracer.  This  information  is 
used  directly  to  indicate  own-ship’s  heading  and  also 
to  aid  in  resolving  own-ship’s  speed  into  N-S  and 
E-W  components. 

Target  Range 

Target  range  R is  supplied  by  a potentiometer  as- 
sociated with  the  ship’s  sonar  gear.  It  controls  the 
length  of  the  target  plotting  arm. 

Target  Bearing 

The  true  bearing  0^  of  the  target  may  be  derived 
by  adding  relative  target  bearing,  electrically  or  me- 
chanically, to  own-ship’s  heading,  or  it  may  be  de- 
rived from  own-ship’s  sonar  by  means  of  a control- 
transformer  synchro  installed  in  the  maintenance  of 


true  bearing  [MTB]  synchro  line.^  This  angle  deter- 
mines the  direction  of  instantaneous  target  vector. 

Inputs  to  the  Plotter 

The  block  diagram  of  Figure  10  shows  how  the 
above  information  is  transferred  through  the  aux- 
iliary equipment  to  the  plotter. 

Since  the  course  of  own  ship  is  to  be  reproduced 
by  the  rotation  of  two  lead  screws  at  right  angles  to 
each  other,  it  is  necessary  to  convert  own-ship’s  speed 
and  course  into  E-W  and  N-S  components  of  change 
of  position.  This  is  done  by  means  of  an  integrator 
in  the  same  manner  as  in  the  odograph  and  yields 
two  rotations  which  are  proportional,  respectively, 
to  the  two  rectangular  components. 

Target  range  is  also  transformed  into  an  angular 
rotation.  It  is  obtained  from  a follower  added  to  the 
chemical  range  recorder  and  may  be  controlled 
either  manually  or  by  an  automatic  target-training 
device.  This  rotation  is  produced  by  a servo  con- 
trolled by  the  potential  difference  between  the  slid- 
ing contacts  of  a pair  of  potentiometers,  one  contact 
attached  to  the  above  follower  and  the  other  to  the 
shaft  of  the  servo.  The  angle  of  rotation  of  the  pow- 
ered shaft  thus  becomes  proportional  to  change  in 
target  range. 

Target  bearing  and  ship  bearing  are  also  trans- 
ferred to  the  plotter  as  angular  rotations.  In  each 
case  a control  transformer  synchro  together  with  a 
follower  mechanism  similar  to  the  above  determines 
the  angular  position  of  a servo  motor. 

7.9.4  Operation  of  Plotting  Mechanism 

The  five  rotations  representing  the  five  input 
quantities  just  described  serve  to  reproduce  the  mo- 
tion of  own  ship  and  target  in  the  following  man- 
ner: 

X AND  Y Components  of  Ship’s  Motion 

Two  lead  screws  are  located  along  adjacent  sides 
of  the  plotting  box  as  shown  in  Figure  11.  On  each 
shaft  is  a nut  through  which  a freely  rotating  shaft 
passes.  On  each  end  of  each  shaft  is  a gear  that 
meshes  with  a rack  in  the  frame  of  the  plotter  hous- 
ing to  assure  proper  alignment  at  all  times.  At  the 
intersection  of  the  two  shafts  is  block  A which  slides 


b See  Division  6,  Volume  15. 
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freely  along  them  in  accordance  with  the  motions  of 
the  nuts.  The  two  rotations  proportional  to  the  rec- 
tangular components  of  the  motion  of  the  ship  are 
applied  to  the  two  lead  screws  and  thus,  at  any  in- 
stant, the  location  of  the  block  marks  the  position 
of  own  ship. 


Figurk  II.  Relationshij)  of  lead  screws  to  carriage  of 
MGAP,  Type  L. 


Own-Ship’s  Course 

I’he  sj)lined-shaft  and  bevel  gear  mechanism  illus- 
trated in  Figure  12  is  used  to  introduce  the  rotation 
representing  own-ship’s  course.  Because  of  the  spline 
arrangement  on  each  shaft,  gear  D which  is  mounted 
inside  block  A turns  through  the  same  angle  as  gear 


Figurk  12.  Splincd  shaft  and  bevel  gear  inechanisin, 
M(;AP,  d ype  L. 
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Figure  13.  Result  of  rotations  6^,  R,  6 j,. 

E,  independently  of  the  position  of  the  block.  A 
small  scale  model  of  the  ship  is  pivoted  above  the 
block  and  can  be  seen  through  the  tracing  cloth.  This 
model  is  rotated  by  gear  D in  such  a manner  that  it 
always  shows  own-ship’s  true  heading  {0^  of  Figure 
13). 

Target  Range  and  Target  Bearing 

Each  of  the  two  rotations  which  represent  target 


Figure  14.  Drive  for  proposed  link-belt  plotter. 


range  and  target  bearing  is  introduced  by  a similar 
splined-shaft  and  bevel  gear  mechanism.  Above  block 
A is  a table  (table  O of  Figure  13)  free  to  rotate  about 
the  vertical  axis.  Its  angular  setting  is  determined  by 
target  bearing  Attached  to  the  table  is  a lead 
screw  H geared  to  the  rotation  which  represents  tar- 
get range.  The  lead  screw  carries  a nut  J whose  posi- 
tion on  the  screw  thus  corresponds  to  the  position  of 
the  target.  (The  alternate  method  shown  in  Figure  9 
accomplishes  the  same  result  by  a pair  of  compound 
screws.) 

Pencils  mounted  on  table  A and  on  nut  J trace  the 
j)aths  of  own  ship  and  target  on  the  underside  of  the 
plotting  surface.  Gear  ratios  are  so  chosen  that  1 in. 
is  equivalent  to  200  yd  for  both  own  ship  and  target. 

Tests  and  Results 

Tests  on  the  lead  screw  plotter  were  sufficiently 
extensive  to  show  that  the  model  was  performing 
substantially  as  designed. 

Operating  as  a dead  reckoning  tracer,  the  own- 
ship  tracing  of  a circular  course  6 miles  long  closed 
within  100  yd,  an  error  of  less  than  1 per  cent.  For 
tests  made  in  association  with  sound  gear  a stationary 
buoy  was  used  as  a target.  The  position  of  this  buoy 
was  repeatedly  indicated  within  a circle  of  50  yd  in 
diameter.  Some  of  the  scatter  was  due  to  backlash 
which  could  have  been  reduced. 

It  was  concluded  that  the  errors  in  the  device  it- 
self were  no  greater  than,  and  probably  less  than, 
those  of  the  information  delivered  to  it.  Studies  were 
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Figure  15.  Center  carriage  of  proposed  link-belt  plotter. 
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made  of  the  errors  to  be  expected  in  range  and  bear- 
ing input  data  in  the  light  of  records  made  with  an 
operational  bearing  recorder.  W'ith  respect  to  range, 
a 50  per  cent  zone  of  ±14  yd  was  characteristic.  In 
the  case  of  bearing,  ± 2 per  cent  can  be  expected  with 
manual  BDI  operation  and  slightly  greater  spread 
with  the  automatic  target  trainer.*^ 

7.10  PROPOSED  LINK-BELT 

GEOGRAPHIC  PLOTTER 

A link-belt  type  of  plotter  was  being  designed  at 
the  time  this  project  was  terminated.  Even  though 
the  unit  was  not  constructed  its  design  is  significant 
and  is  here  described. 

^ * General  Description 

The  link-belt  plotter  was  designed  to  be  compact 
and  easy  to  install  and  maintain  aboard  ship.  All 
servo  units  are  located  in  the  base  and  are  connected 
directly  to  their  respective  motions  to  minimize  back- 
lash. The  major  change  in  the  input  information  is 
to  use  the  dead  reckoning  analyzer  (standard  equip- 
ment for  operating  the  DRT  aboard  many  antisub- 
marine vessels)  to  supply  N-S  and  E-W  components 
of  own-ship’s  motion. 

The  design  calls  for  clutches  and  cranks  in  the 
drives  to  enable  the  pencil  that  traces  own-ship’s 
course  to  be  moved  quickly  to  any  desired  position 
in  the  plotting  area.  New  waterproof  tracing  cloth 
is  prescribed  as  well  as  an  improved  clamping  ar- 
rangement for  it. 

7.10.2  Operation  of  Plotting  Mechanism 

The  principal  difference  between  this  design  and 
that  of  the  lead  screw  plotter  concerns  the  manner 


c See  Division  6,  X'olimie  15. 


in  which  the  input  motions  are  employed  to  obtain 
the  traces  of  own  ship  and  target. 

Own-Ship’s  Course 

In  this  design,  two  small  link  belts  are  located  on 
opposite  sides  of  the  plotting  box  as  shown  in  Fig- 
ure 14.  1 hese  belt's  pass  over  sprocket  wheels  and 
move  carriage  A in  the  E-\V  direction  in  response 
to  the  E-\V  input.  Another  link  belt  moves  carriage 
B which  represents  own  ship  along  carriage  A,  and 
is  powered  by  the  N-S  input  by  way  of  the  sprocket 
wheel  and  splined-shaft  mechanism  shown. 

Own-Ship’s  Bearing,  Target  Bearing,  and  Range 

Each  of  these  three  quantities  is  transmitted  to 
the  center  carriage  by  means  of  a splined-shaft  and 
miter  gear  as  in  the  Type  L plotter  (see  Figure  12). 
ligure  15  shows  the  design  of  the  center  carriage 
and  the  pantograph  arrangement  for  tracing  the 
path  of  the  target. 

1 he  sj^lined  shaft  that  transmits  range  informa- 
tion rotates  a small  drum  in  the  base  of  the  carriage. 
Around  this  drum  is  a beaded  chain  which  controls 
the  extension  of  the  pantograph  arm.  A second 
splined  shaft  carries  a worm  gear  which  rotates  the 
jdate  supporting  the  pantograph  to  provide  target 
bearing.  Own-ship’s  bearing  is  introduced  in  the  same 
manner  and  is  represented  by  a model  ship  which 
can  be  seen  through  the  tracing  cloth. 

The  design  also  calls  for  a small  predictor  light. 
This  light  may  be  positioned  either  fore  or  aft  of  the 
model  ship  and  is  intended  to  aid  the  conning  officer 
by  indicating  the  exj)losion  point  of  ahead-thrown 
or  stern-dropped  projectiles  if  fired  “now.” 

It  is  also  suggested  that  an  arrangement  could 
be  introduced  to  have  the  target  pencil  record  inter- 
mittently instead  of  continuously.  This  could  be  ac- 
complished by  having  the  pencil  brought  into  con- 
tact with  the  paper  by  the  action  of  a solenoid.  Thus 
it  would  be  possible  to  record  the  movements  of  a 
number  of  targets  on  the  same  plotting  sheet. 
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Attack  Director  III 

Attack  director  111  is  a device  to  provide  surface 
ships  with  an  automatic  and  continuous  solution  to 
the  attack  problem.  With  the  aid  of  sonar  informa- 
tion, it  computes  course  to  steer  for  either  stern- 
dropped  or  ahead-thrown  charges  and  predicts  time 
to  fire  for  depth  charges.  It  is  designed  for  use  with 
standard  sonar  gear,  with  or  without  BDI.  The  equip- 
ment consists  of  a special  bearing  recorder,  a comput- 
ing unit,  a modified  range  recorder,  indicator  units 
for  the  helmsman  and  the  conning  officer,  and  the 
conning  office's  control  unit  which  permits  him  to 
make  manual  corrections.  The  principal  components 
of  the  system  are  arranged  for  operation  by  a three- 
man  team.  The  development  work  was  carried  out 
jointly  by  HUSL  and  the  Columbia  University  Spe- 
cial Studies  Group. 


Figure  1.  AD  III  and  sonar  stack  arranged  for  operation 
hy  three-man  team. 


8.1  INTRODUCTION 

IN  CONDUCTING  a surfacc  craft  attack  on  a subma- 
rine it  is  the  responsibility  of  the  conning  officer 
to  direct  the  course  of  the  attacking  vessel  in  a way 
that  permits  the  placement  of  suitable  explosive 
charges  in  the  immediate  vicinity  of  the  target.  In 
the  absence  of  mechanical  aids,  the  conning  officer 
must  base  his  judgments  on  mental  computations 
involving  the  sequence  of  target  bearings,  ranges, 
and  range  rates  as  called  out  by  the  operators  of  the 
sonar  equipment.  From  these  data  he  must  deter- 
mine what  initial  lead  angle  to  assume,  when  and 
how  much  super-lead  to  take,  and  the  correct  time 
to  launch,  either  forward  or  astern,  the  explosive 
charges. 

The  development  of  instruments  to  aid  the  con- 
ning officer  in  solving  the  attack  problem  has  pro- 
ceeded along  three  general  lines.  One  of  these  is  rep- 
resented by  the  attack  plotter  which  presents  visually 
the  maneuvers  of  both  the  target  and  the  attacking 
ship.  This  presentation  of  the  geometrical  situation 
has  been  of  assistance  to  the  conning  officer  in  mak- 
ing his  judgments  about  the  proper  course  to  steer. 


The  other  approaches  to  the  attack  director  prob- 
lem represent  techniques  borrowed  from  the  general 
science  of  fire  control.  In  one,  which  may  be  called 
the  range-keeper  solution,  the  mechanism  provides  a 
virtual  target  whose  course  and  speed  are  corrected 
in  accordance  with  the  sonar  data  until  the  range 
and  bearing  of  the  virtual  target  coincide  suitably 
with  the  prevailing  sonar  indications.  Machine  solu- 
tion of  the  attack  problem  is  then  based  on  the  be- 
havior of  the  virtual  target  which  continues  to  rep- 
resent a smoothed  average  of  the  sonar  data.  The 
third  general  approach  provides  for  continuous  ma- 
chine solution  of  the  attack  problem  in  terms  of 
sonar  data  which  is  introduced  directly,  rather  than 
by  means  of  matched  pointers  as  in  the  range-keeper 
solution.  The  Mark  III  attack  director  [AD  III] 
which  is  described  in  this  section  follows  this  last 
general  method  in  providing  its  automatic  solution 
of  the  attack  problem. 

The  fundamental  purpose  of  the  AD  III  is  to  func- 
tion as  an  automatic  conning  officer  during  echo- 
ranging attacks.  Its  design,  accordingly,  was  centered 
around  the  following  objectives:  first,  to  provide  an 
automatic  determination  of  the  course  and  speed 
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of  the  target  by  means  of  range  and  bearing  record- 
ers, the  accuracy  of  this  determination  being  practi- 
cally unaffected  by  own-ship’s  maneuvers;  second,  to 
use  this  information  as  the  basis  for  a continuous 
calculation  of  course  to  steer  (or  train  angle  for  a 
forward-throwing  weapon)  and  time  to  fire;  third, 
to  permit  the  conning  officer  to  replace  the  target’s 
course  and  speed,  as  computed  from  the  recorders, 
by  any  other  values  he  may  wish  to  substitute.  The 
latter  objective  is  considered  important  because  addi- 
tional information  on  target’s  motion  may  be  avail- 
able besides  that  comprised  in  the  ranges  and  bear- 
ings (e.g.,  doppler,  recorder  trace  characteristics)  and 
because  the  conning  officer  may  wish  to  allow  for 
continuation  of  a turn  by  the  target  during  the  blind 
time. 

In  achieving  these  objectives,  certain  specific  de- 
sign features  were  considered  desirable.  Wdren  auto- 
matically conning  the  attack,  the  director  should  re- 
quire no  more  of  its  operator  than  is  required  of  a 
range  recorder  operator;  it  should  indicate  the  cor- 
rect ship’s  course  independently  of  present  ship’s 
course;  it  should  present  to  the  helmsman  a direct 
indication  of  course  to  steer  and  it  should  indicate 
directly  the  time  to  fire  the  barrage.  Also,  it  should 
be  completely  flexible,  allowing  the  conning  officer 
to  insert  whatever  information  he  may  wish,  allow- 
ing for  manual  correction  of  apparently  erroneous 
data,  and  permitting  the  conning  officer  to  make  al- 
lowances for  changes  in  the  target’s  course  and  speed 
during  the  blind  time.  In  addition,  it  should  present 
an  attack  diagram  which  facilitates  the  conning  offi- 
cer’s prediction  of  target  maneuver  during  the  blind 
time.  The  attempt  was  made  to  include  all  these  fea- 
tures in  the  final  form  of  the  AD  III. 

Tests  conducted  by  ASDevLant  indicate  that  stern- 
dropping attacks  conned  automatically  by  the  AD  III 
were  considerably  better  than  those  conned  by  aver- 
age sonar  teams  but  poorer  than  those  conned  either 
by  experts  using  the  antisubmarine  attack  plotter, 
or  by  the  Mark  IV  antisubmarine  attack  director,  a 
device  developed  by  the  Librascope  Corporation. 
Numerous  deficiencies  in  the  mechanical  operation 
of  the  AD  III  were  shown  up  by  the  tests,  but  the 
fundamental  methods  of  obtaining  solutions  appear 
sound  and  it  seems  that  the  mechanical  shortcomings 
might  easily  be  corrected  in  redesign.  However,  no 
further  development  of  the  AD  III  has  been  under- 
taken, in  view  of  the  relatively  greater  success  of 
the  Librascope  Mark  IV. 


7Vo  important  questions  bearing  upon  the  design 
and  use  of  attack  directors  still  remain  unanswered, 
d'he  first  of  these  concerns  the  relative  accuracy  of 
recorders  and  aided  followers  for  the  determination 
of  target’s  course  and  speed.  It  is  unlikely  that  this 
question  can  be  properly  answered  by  merely  com- 
paring the  number  of  hits  scored  in  stern-dropping 
attacks  by  the  AD  111,  which  uses  recorders,  and  the 
Mark  IV,  which  uses  followers.  For  stern-dropping 
attacks  the  overall  accuracy  is  strongly  influenced 
by  the  method  of  using  data  on  target’s  motion  and 
by  the  evasion  of  the  submarine  during  the  blind 
time.  Attacks  with  a trainable  ahead-throwing 
weapon,  stabilized  against  roll,  would  give  much 
more  direct  information  on  the  relative  accuracy  in 
determination  of  target’s  motion. 

1 he  second  unanswered  question  concerns  the  use- 
fulness of  curved  course  prediction,  i.e.,  of  making  at 
least  partial  allowance  for  continuation  of  a turn  by 
the  target  during  the  blind  time.  Sea  tests  with  the 
AD  III  did  not  use  this  feature  and,  for  several  rea- 
sons, the  attack  teacher  tests  which  indicated  its  de- 
sirability were  hardly  conclusive. 

Although  no  specific  recommendations  are  being 
made  with  reference  to  further  development  of  the 
AD  III,  it  is  suggested  that  any  future  attempt  to 
improve  attack  directors  should  combine  the  best 
features  of  the  AD  III  and  the  Librascope  Mark  IV. 

8 2 MATHEMATICAL  ANALYSIS  OF 
ATTACK  CONDITIONS 

The  geometry  of  an  attack  guided  by  sonar  infor- 
mation may  be  formulated  in  several  ways,  depend- 
ing on  the  approximations  and  simplifying  assump- 
tions which  are  used.  Moreover,  it  is  necessary  to 
distinguish  between  conditions  for  stern-dropped 
and  ahead-thrown  ordnance.  The  equations  used  at 
various  stages  of  the  attack  director  development 
differed  as  improved  formulations  were  worked  out, 
stimulated  in  some  cases  by  shortcomings  in  the  per- 
formance of  experimental  equipment.  The  successive 
states  of  the  analysis  are  covered  by  the  derivations 
of  equations  in  the  published  descriptions  of  the 
instruments,  to  which  reference  is  made  later.  For 
purposes  of  exposition,  it  seems  preferable  to  pro- 
ceed directly  to  the  final  equations,  and  then  to  dis- 
cuss the  earlier  incomplete  or  approximate  forms  in 
the  light  of  these  final  versions. 
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Figure  2.  Attack  triangle,  stern-dropped  charges. 


*•21  Stern-Dropped  Charges 

At  some  instant  after  the  attacking  ship  has  been 
brought  to  a heading  approximately  toward  the  tar- 
get, the  situation  may  be  represented  by  Figure  2, 
where  the  symbols  have  the  following  meanings: 


is  obtained  by  the  following  steps.  Two  relation- 
ships existing  in  Figure  2 may  be  expressed  in  the 
following  equations: 

So{Tg  + Ta)  sin  — So{Ts  + Tp)  sin  B'^  = 
S{T,  + To)  sin  A.  (1) 

So(Ts  + To)  cos  B'r  — So{Ts  + Tp)  cos  B',  = 
R + S{T,  + To)  cos  A.  (2) 

By  considering  the  contributions  to  rate  of  change 
of  bearing  due  to  components  of  ship’s  speed  and 
target  speed  perpendicular  to  the  line  of  sight  we 
may  write 

sin  — S sin  .4.  (3) 


P = position  of  attacking  ship’s  projector. 

SS  = position  of  target. 

R = range  of  target. 

B = true  bearing  of  target  line  of  sight. 

Br  = present  relative  bearing  of  target  line  of 
sight. 

B'r  = relative  bearing  of  line  of  sight  if  ship  were 
on  correct  attack  course. 

Co  = ship’s  true  heading. 

F = explosion  point  of  charges. 

A = target  aspect  angle,  measured  clockwise 
from  the  bow  of  the  target  to  the  prolonga- 
tion of  the  line  of  sight.  (This  differs  from 
the  customary  Navy  definition,  which  meas- 
ures the  angle  to  the  line  of  sight  rather 
than  its  prolongation.) 

S = target  speed. 

So  = speed  of  ship. 

Tp  = time-to-travel  distance  from  sound  projec- 
tor to  stern  of  ship. 

Td  = time  interval  from  the  present  to  dropping 
of  center  of  barrage. 

Tg  = time  for  charges  to  sink  to  target’s  depth. 


Similarly,  the  rate  of  change  of  range  depends  on 
the  components  parallel  to  the  line  of  sight. 


dR 

dt 


S cos  A — So  cos  B,.. 


(4) 


By  solving  equation  (1)  for  sin  B'^.,  we  get  the  ex- 
pression 


sin  B'r 


(S  sin  A){Tg  + To) 

So(Ta-Tp) 


By  solving  equation  (2)  for  T^,  we  get  the  fol- 
lowing: 


Td  = 


R + STg  cos  A + SoTp  cos  B'r 
Sn  cos  — S cos  A 


(6) 


Substitution  of  equation  (4)  in  equation  (6)  yields 

^ R + TgjSp  cos  B,  + dR/dt)  -f  SpTp  cos  B'r 

Sp  cos  B'r  — Sp  cos  B r — dR  I dt 

Elimination  of  in  equation  (5)  by  substitution 
of  (7)  gives  us 


Attack  Course 

In  terms  of  this  notation,  the  true  bearing  of  the 
ship’s  heading  is  B — B^  and  the  desired  heading  is 
B — B'r.  An  expression  for  the  desired  lead  angle. 


siiivB'r 


S sin  A 


R A-  (Tg  Tp)  Sp  cos  B'r /gx 

R A- (Tg  A-  Tp)Sp  cos  Br  + (Tg  + Tp)(dRldty  ^ ^ 
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From  equation  (3) 

S sin  A = S„  sin  B,  — R ■ 
d^t 

This  allows  us  to  eliminate  the  target  aspect  angle  A 
from  equation  (8). 

si„  H',  = ^»>^'"'l^r-n(dB/dl)  _ 

So 

R + (To + T,)  So  cos  B', 

R + (To  + Tp)  5,  cos  B,  + (To  + T,)  (dR/dt)'  ^ ’ 

All  the  quantities  needed  for  the  solution  of  equa- 
tion (9)  for  B\,  the  lead  angle  (which  appears  in 
both  sides  of  the  equation),  are  available  from  stand- 
ard equipment,  with  the  exception  of  dBjdt.  This 
quantity  is  obtained  from  the  recently  developed 
bearing  recorder,  but  the  product  R{dBldt)  is  ob- 
tained explicitly  rather  than  the  bearing  rate  by 
itself. 

If  B were  plotted  on  paper  moving  at  a constant 
speed,  i.e.,  if  B were  plotted  against  time,  the  slope 
of  the  resulting  trace  would  be  a measure  of  dBjdt 
and  hence  of 


So  sin  Bj.  — 5 sin  A 
R 

from  equation  (3).  This  is  not  a particularly  useful 
quantity  because  it  varies  with  range  and  because  an 
operator  would  be  required  to  change  the  slope  of 
his  cursor  rapidly  as  the  range  decreased,  which 
would  introduce  serious  inaccuracies.  If  B is  plotted 
on  paper  moving  with  a speed  inversely  proportional 
to  range  R,  as  in  British  Asdic  144,  then  the  slope 
of  the  plot  is  a measure  of  S^  sin  Br  — S sin  A and 
is  independent  of  the  range  value.  1 his  quantity 
is  of  considerably  more  interest  than  the  other,  for 
since  we  know  So  sin  B^,  we  can  easily  determine 
S sin  A,  which,  when  combined  with  5 cos  A as  ob- 
tained from  the  range  recorder  [sec  equation  (4)], 
uniquely  determines  the  target's  course  and  speed. 

Unfortunately,  changes  in  R(dB j dt)  are  not  ap- 
parent instantly,  and  as  much  as  30  sec  may  elapse 
after  the  trace  on  the  bearing  recorder  starts  to 
change  slope  before  the  operator  becomes  aware  of 
the  change  and  moves  the  cursor  to  the  new  posi- 
tion, thereby  putting  the  new  value  into  the  com- 
puter. This  leads  to  instability  of  equation  (9)  where- 
by differences  between  B\  and  B^  are  overcorrected. 


To  illustrate,  consider  a case  in  which  the  ship  is 
momentarily  headed  directly  toward  the  target  and 
Bf  is  zero.  74ie  bearing  rate  at  that  moment  is  due 
entirely  to  the  submarine’s  motion  perpendicular  to 
the  line  of  sight,  expressed  by  the  term  — S sin  A 
of  equation  (3).  The  computer  indicates  the  lead 
angle  71',.  corresponding  to  this  value  of  R{dBldt). 
14ie  ship’s  course  is  changed  and  the  lead  B\  is 
taken.  Now  the  value  of  R(dB  jdt)  as  shown  by  equa- 
tion (3)  includes  a term  due  to  own-ship’s  motion 
perpendicular  to  the  line  of  sight,  which  has  a sign 
opposite  to  that  representing  target  motion,  thus 
reducing  the  absolute  value  of  R(dBldt).  The  earlier, 
larger  value  remains  in  the  computer  and  causes  it 
to  call  for  additional  lead  until  the  operator  detects 
the  decreased  slope  on  the  bearing  recorder.  By  this 
time  an  excessive  lead  has  been  taken,  and  when  the 
ship  is  turned,  the  same  considerations  again  lead  to 
overshooting,  so  that  a meandering  course  is  fol- 
lowed. 

It  may  be  seen  that  this  instability  is  caused  by  the 
effect  of  own-ship’s  motion  on  the  rate  of  change  of 
bearing.  This  effect  may  be  removed  by  means  of 
the  steps  outlined  below. 

By  integration  of  equation  (3)  we  obtain 

= (10) 


Now,  instead  of  plotting  B on  the  bearing  re- 
corder, we  plot  B'  defined  by 


B'  = B — 


/So  sin  Br 

~~R~~ 


dt. 


(11) 


Differentiation  of  equation  (1 1)  gives 


dB’  dB  . 


(12) 


Comparison  of  equation  (12)  and  equation  (3) 
shows  that 


R 


dB^ 

dt 


— S sin  A. 


(13) 


I hus  the  value  of  R{dB  jdt)  depends  only  on  tar- 
get aspect  and  speed  and  is  independent  of  own- 
ship’s  course  and  speed. 
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Substitution  of  equation  (12)  in  equation  (9)  gives 


sin 


R(dB'ldt) 

So 


R + (Ts  + Tp)  So  cos  B\ 

R + (Ts  -\-  Tp)  So  cos  Br  + {Ts  + T,)  (dR/dt) 


■ (14) 


Equation  (14)  is  stable  except  for  delays  in  detec- 
tion of  changes  in  dR/dt  which  are  caused  by  changes 
in  B^.  However,  the  range  rate  is  not  so  critically 
affected  by  changes  in  course  (when  B,.  is  small)  as 
is  the  bearing  rate.  Also,  the  range  rate  has  much  less 
effect  on  the  value  oi  B^  than  has  the  bearing  rate. 
In  practice,  any  instability  is  lost  in  the  inaccuracy 
of  the  data  supplied  to  the  computer. 

An  approximate  form  of  equation  (14)  was  used 
in  the  Mark  1 and  Mark  II  NDRC  lead  angle  com- 
puters. The  simplification  consisted  in  substituting 
B\  for  sin  B\,  setting  cos  B\  = 1 in  the  numerator, 
and  combining  Tg  and  into  one  value,  t.  The 
equation  becomes 


B\  = 


R(dB'/dt) 


R ~f~  tSp 

R + tSp  cos  Br  + t (dR/dt) 


(14a) 


These  approximations  are  good  for  lead  angles 
up  to  30  degrees,  but  give  a value  of  B\  which  is  too 
high  for  leads  of  40  degrees  or  more.  The  equation 
was  adequate,  however,  for  the  first  and  second  mod- 
els of  the  computer. 

Since  the  variable-resistance  method  used  for  in- 
serting dRjdt  in  the  computer  does  not  provide  for 
negative  polarity  and  since,  in  practice,  range  rate  is 
always  negative,  the  coefficients  of  dR  / dt  in  equations 
(14)  and  (14a)  are  given  negative  signs  before  the 
equations  are  used  as  the  basis  of  computer  circuit 
design. 

Time  to  Fire 

The  expression  for  time  to  fire,  equation  (7),  may 
be  developed  further  as  follows:  Assuming  that  the 
proper  course  has  been  taken,  then 

cos  Br  = cos  B'r, 


and  equation  (7)  becomes 


Ta 


R + So  (Ts  + Tp)  cos  B'r  + Ts(dR/dt) 
— (dR/dt) 


- (7  a) 


or 

^ R+ So  (Ts  + Tp)  cos  B'r  - Ts 
^ —(dRjdt)  ' ^ ^ 

This  is  exact  only  when  the  proper  course  is  fol- 
lowed, but  is  not  greatly  in  error  unless  the  course 
departs  considerably  from  the  computed  value. 

Once  again  computer  circuit  design  takes  into 
account  the  negative  nature  of  dR/dt  and  proceeds 
as  if  the  denominator  of  equation  (7b)  were  posi- 
tive. 

Ahead -Thrown  Attack 

The  lead  angle  required  for  an  ahead-thrown 
attack  is  generally  much  less  than  that  required 
with  stern-dropped  charges.  In  the  preliminary 
stages  of  the  attack  the  ship  is  aimed  directly  toward 
the  target.  As  the  effect  of  the  target’s  motion  be- 
comes apparent,  a constant  bearing  collision  course 
is  taken.  In  this  way  the  range  is  closed  as  rapidly 
as  possible.  Before  the  firing  range  is  reached,  a 
lead  angle  must  be  assumed  to  allow  for  the  dis- 
tance which  the  target  travels  while  the  projectiles 
are  traveling  through  the  air  and  sinking  in  the 
water  to  the  depth  of  the  target.  If  the  charges 
are  fired  from  a trainable  device,  the  ship’s  head- 
ing at  the  instant  of  the  firing  is  not  nearly  so  crit- 
ical since  it  need  only  approximate  the  correct  di- 
rection, the  difference  between  the  ship’s  heading 
and  the  lead  angle  being  taken  up  by  the  training 
of  the  weapon. 

The  geometry  at  the  instant  of  firing  for  a suc- 
cessful attack  with  a trainable  forward-throwing 
weapon  such  as  the  Hedgehog  is  illustrated  in  Fig- 
ure 3.  The  symbols  have  the  following  meaning: 

P'  = position  of  attacking  ship’s  projector. 

SS  = position  of  target. 

R = range  of  target. 

B = true  bearing  of  target  line  of  sight. 

B'r  = relative  bearing  of  line  of  sight  (on  a satis- 
factory attack  course). 

B"r  = relative  bearing  of  line  of  sight  measured 
from  azimuth  of  Hedgehog. 

F = explosion  point  of  charges. 

A = target  aspect  angle,  measured  clockwise 
from  the  bow  of  the  target  to  the  prolonga- 
tion of  the  line  of  sight.  (This  differs  from 
the  customary  Navy  definition,  which  meas- 
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ures  the  angle  to  the  line  of  sight  rather 
than  its  prolongation.) 

S = target  speed. 

Sg  = speed  of  ship. 

Rg  = base  range  of  projectile,  measured  from 
sound  projector  to  final  line  of  sinking. 

Tf  = time  of  flight. 

Tg  = time  for  charges  to  sink  to  target’s  depth. 

The  diagram  represents  the  distance  from  the  pro- 
jector P to  the  explosion  point  F as  the  sum  of  two 
vectors,  namely  the  base  range  Rg,  in  the  direction 
of  Hedgehog  train,  and  the  extra  distance  traveled 
as  a result  of  own-ship’s  motion,  SgTf,  in  the  direc- 
tion of  ship’s  heading.  Actually,  computations  are 
made  on  a simplified  basis,  illustrated  in  Figure  4, 
in  which  the  two  vectors  are  assumed  to  be  collinear; 
that  is,  B'\  and  B\  are  assumed  equal.  In  this  case, 
the  lead  angle  B\  as  computed  represents  the  direc- 
tion in  which  the  ahead-thrown  weapon  should  be 
trained,  whether  or  not  the  ship  is  on  precisely  that 
bearing  at  the  instant  of  firing.  The  other  symbols 
have  the  same  meaning  as  in  Figure  3.  The  target 
travels  the  distance  *^’(7"^  -f  Tg)  during  the  time  of 
flight  Tf  and  the  sinking  time  Tg  of  the  projectiles. 

The  computations  used  are  based  on  the  triangle 
of  Figure  4,  representing  the  desired  conditions  at 
the  instant  of  firing.  \Ve  see  that 


The  value  of  5 sin  A may  be  expressed  according 
to  equation  (13)  as  the  product  of  range  by  the  modi- 
fied bearing  rate,  dB'/dt.  In  the  definition  of  B'  in 
equation  (11),  there  is  no  conflict  with  the  assump- 
tions underlying  the  present  computation,  since  by 
hypothesis  the  ship  is  on  the  correct  attack  course, 
so  that  Bf  = B\.  Accordingly,  we  may  substitute  the 
value  of  5 sin  ^ from  equation  (13)  to  get 


sin  B\ 


’ Tf+Tg 

Re  + SgT 


;) 


(17) 


which  is  the  equation  solved  by  AD  III  when  set 
for  Mousetrap  or  Hedgehog  attacks.  The  equation 
for  sin  B\  in  terms  of  the  actual  bearing  rate  in- 
stead of  the  modified  bearing  rate  can  be  obtained 
by  substituting  5 sin  A from  equation  (3)  in  equa- 
tion (16): 

This  equation  was  used  in  the  computers  which  pre- 
ceded AD  III,  before  equation  (17)  had  been  derived, 
and  is  subject  to  the  same  criticism  as  equation  (9) 
because  it  leads  to  a meandering  attack  course. 


83  DESCRIPTION  OF  MARK  II  LEAD 
ANGLE  COMPUTER 


{Rg  + S, Tf)  sin  /i',  = S{Tf  + Tg)  sin  A,  (15) 
whence 

sin  Ii\  = -Ssm  A.  (16) 


The  immediate  precursor  of  the  AD  III  was  the 
Mark  II  lead  angle  computer  [LAC].  Since  the  same 
basic  principles  of  operation  are  utilized  in  both 
cases,  a description  of  the  earlier  and  simpler  ver- 
sion forms  an  appropriate  introduction  to  the  dis- 
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Figure  5.  Block  diagram  of  lead  angle  computer. 


cussion  of  the  later  and  more  complex  design. 

The  Mark  II  LAC  was  built  to  operate  with  the 
British  Asdic  144.  The  purpose  of  the  combination 
was  the  obtaining  and  presentation  of  the  solution 
of  equation  (14a).  To  achieve  this  the  following  com- 
ponents are  necessary: 

1 . A range  recorder  to  supply  R and  dR /dt. 

2.  A bearing  recorder  to  supply  R{dB'/dt)  and  to 
split  cut-on  bearings  for  providing 

3.  An  adapter  of  some  sort  to  take  these  various 
outputs  and  adapt  them  for  use  in  the  com- 
putation. 

4.  A computer  to  solve  the  equation. 

5.  An  indicator  to  present  the  answer  to  the  con- 
ning officer. 

The  two  recorders  were  supplied  by  the  Asdic  144; 
the  other  devices  constitute  the  LAC  proper. 

Figure  5 is  a schematic  representation  of  the  va- 
rious components,  with  their  respective  inputs  and 
outputs  indicated. 


* Range  Recorder 

The  range  recorder  unit  of  this  set  (shown  in  the 
foreground  of  Figure  8)  has  a manual  range  follower 
which  provides  for  transmission  of  range  on  a Sperry 
step-motor  system.  It  is  provided  with  a wheel  and 
disk  arrangement  previously  used  in  the  New  Lon- 
don bearing  recorder.  A friction  wheel,  sliding  on  a 
shaft  which  rotates  at  constant  speed,  makes  contact 
with  a driven  disk  at  a distance  from  the  axis  of  the 
disk  which  is  directly  proportional  to  range;  the 
speed  of  the  disk  consequently  is  inversely  propor- 
tional to  range.  This  disk  is  then  used  to  drive  the 
paper  of  the  bearing  recorder. 

Figure  6 illustrates  schematically  the  method  em- 
ployed to  supply  an  automatic  transmission  of  range 
rate.  PB  is  a light-beam  cursor,  pivoted  at  P,  and  PR 
is  a contactor  arm  which  moves  with  an  angular  dis- 
placement 8 equal  to  that  of  PB.  The  range  rate  is 
equal  to  tan  8,  rather  than  to  the  angle  8 itself,  which 
makes  it  necessary  to  obtain  a quantity  proportional 
to  the  tangent  of  8.  This  is  accomplished  by  letting 
the  contactor  arm  PR  wipe  across  a strip  resistance. 
The  resistance  picked  off  between  leads  2 and  3 is 
then  proportional  to  tan  8.  d he  strip  resistance  used 
is  that  labeled  R-7  in  Figure  12. 


Bearing  Recorder 


The  bearing  recorder  unit  of  the  British  Asdic 
144  is  used  with  slight  modification.  Figure  7 is  a 
schematic  drawing  of  the  recorder  showing  the  re- 
sistor strip  added  for  transmitting  the  slope  of  the 
traces. 

The  input  unit  to  this  is  designed  so  that  relative 
sound  projector  bearing  and  ship’s  head  are  added 
together  in  a differential.  The  output  of  the  differ- 
ential (true  bearing  B)  is  available  for  plotting. 


j 


TO  COMPUTER 

CENTER  BEARING 
/•S,  tin 

TO  ADAPTER 
(SPERRY  STEP 
.SYSTEM) 


PAPER  DRIVE 
SPEED  INVERSELY 
PROPORTIONAL  TO 
RAN6E{  PROM 
RANGE  RECORDER 


Figure  7.  Bearing  recorder  schematic. 
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Fir.i’RF,  8.  Bearing  recorder,  range  recorder,  and  captain’s  box  of  1 14  Asdic. 


A.S  indicated  in  equation  (14a),  however,  it  is  de- 
sirable to  plot  IV  rather  than  B [see  equation  (11)]. 
This  is  accomplished  by  putting  .ship’s  head  minus 
the  quantity 


/ 


S„  sin  Br 
R 


dt 


into  the  recorder  instead  of  ship’s  head  alone.  (1  he 
method  ot  subtracting  these  two  is  explained  be- 
low.) By  plotting  B',  the  slope  of  the  traces  becomes 
proportional  to  R{dB'/dt),  and  this  quantity  is 
transmitted  by  a resistance  (R-12  in  Figure  12)  and 
wiping  arm  in  the  manner  explained  above  for  the 
range  recorder.  The  midpoint  between  the  cut-on 
traces,  B\  is  transmitted  to  the  adapter  on  a Sperry 
step  system.  Figure  8 is  a photograph  of  the  recorders 
and  captain’s  box  of  the  Asdic  144. 


Integrator 

In  order  to  obtain 


/ 


S„  sin  B^ 
R 


dt. 


required  to  remove  the  effect  of  own-ship’s  motion 
on  the  rate  of  change  of  bearing,  a variable-speed 
motor  is  used.  Speed  of  the  motor  is  made  propor- 
tional to  the  quantity  S„  sin  B^jR,  so  that  the  total 
number  of  revolutions  of  the  motor  in  time  t is  pro- 
portional to 


f: 


S„  sin  B,. 
R 


dt. 


Figure  9 is  a diagram  of  the  integrator  motor  and 
its  speed  control. 
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(4) 

Fi(;ure  9.  LAC  II  integrator  motor. 


Range  is  put  in  on  R-1  so  that  the  voltage  drop 
across  R-2  is  proportional  to  \/R.  is  then  put 
in  as  a linear  displacement  of  the  slider  from  the 
center  tap  on  R-2.  If  the  output  voltage  of  R-2  were 
fed  into  an  open  circuit,  it  would  be  proportional 
to  B,/R.  This  output,  however,  is  fed  not  into  an 
open  circuit  but  into  R-3  which  is  only  a few  times 
greater  in  resistance  than  R-2.  As  B,.  increased  on 
R-2,  the  voltage  does  not  increase  linearly  but 
changes  according  to  the  relative  values  of  R-2  and 
R-3.  By  adjusting  this  relationship,  it  is  possible  to 


make  the  output  voltage  of  R-2  very  nearly  equal 
to  sin  B^/R  for  values  of  B^  up  to  50  degrees,  which 
is  the  maximum  value  needed  for  computations. 
is  then  put  in  on  R-3  so  that  the  output  voltage  of 
the  entire  circuit  is  sin  B,/R.  The  remaining  part 
of  Figure  9 represents  the  method  of  making  the 
speed  of  the  integrator  motor  proportional  to  the 
output  voltage  of  the  control  circuit. 

83-4  Adapter 

The  adapter  unit  of  the  Mark  II  lead  angle  com- 
puter receives  and  transmits  various  quantities  which 
are  needed  in  the  final  computation  of  equation 
(14a).  Figure  10  illustrates  schematically  the  opera- 
tion of  this  device  as  described  in  the  following  text. 
(Numbers  in  parenthesis  refer  to  Figure  10). 

Ship’s  heading  is  fed  into  the  Sperry  receiver 
(1)  and  servoed  by  the  Brown  motor  (2).  1 he  follow- 
iq)  method  is  a simple  on-off  contactor.  The  servoed 
ship’s  heading  is  then  fed  into  a differential  box  (3) 
where  the  output  of  the  integrator  motor  (4)  is  sub- 
tracted from  it.  1 he  output  of  the  differential  box  (3) 
is  now  ship’s  head  minus  the  cpiantity  J(So  sin  Bj-j R)dt 
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Figure  10.  Mechanical  schematic  of  LAC  II  adapter  unit. 
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FlEHRTR 


Figure  11.  Siinplified  LAC  II  computer  circuit. 


which,  as  explained  above,  is  the  value  needed  as  an 
input  to  the  bearing  recorder.  This  cjuantity  is  trans- 
mitted by  means  of  an  Anna  step  transmitter  (5) 
which  operates  the  Sperry  receiver  in  the  bearing 
recorder. 

From  the  bearing  recorder  comes  a transmission 
of  the  midpoint  between  the  plotted  cut-ons  as  in- 
dicated in  Figure  7.  This  is  not  the  true  center  bear- 
ing B,  however,  because  we  have  subtracted 

r.S„sin 

J Ji 

from  the  input.  This  transmission  is  therefore  B 
minus  the  quantity 

ovB'. 


This  quantity  is  received  on  the  Sperry  motor  (6), 
servoed  by  the  Brown  motor  (7),  and  fed  into  the 
differential  box  (8).  The  output  of  differential  box 
(3)  is  also  fed  into  box  (8),  and  these  two  inputs  are 
subtracted  so  that  the  output  is 

:„sin  B \ 


or  the  relative  center  bearing  B^.  Since  B^  is  needed 
both  in  the  solution  of  the  equation  and  in  the  opera- 
tion of  the  integrator,  the  output  of  box  (8)  is  geared 
to  the  potentiometers  (9)  and  (10).  It  is  also  fed  into 
the  differential  box  (11).  The  second  input  into  the 
differential  box  (11)  is  the  output  of  the  Brown 
motor  (12)  which  balances  the  computer  resistor  (13) 
as  explained  below.  The  output  of  (13)  is  B\  (the 
result  of  the  computation  as  explained  in  the  next 
section)  and  thus  the  two  inputs  to  differential  box 
(11)  are  B^  and  B\.  These  two  values  are  subtracted 
so  that  the  output  of  box  (1 1),  which  is  fed  to  the  M- 


type  transmitter  (14)  is  — B\,  or  the  amount  by 
which  the  course  must  be  altered  to  obtain  the  cor- 
rect lead  over  the  target. 


Computer  Circuit 

The  general  method  used  for  solving  equation 
(Ha)"  can  be  explained  with  reference  to  Figure  11. 
When  no  current  is  flowing  in  the  meter  M,  the  fol- 
lowing equation  holds  true: 


or 


Rb' 


By  letting 


R 

En  = 


dB' 

dt 


Ea  = k y(^R  + COS  B,.  — ^ ’ 

'^'it  = -f  ‘S’o^), 


and  balancing  until  no  current  flows  in  the  meter, 
becomes  proportional  to  B\.  This  circuit,  then, 
solves  equation  (14a)  providing  and  can 

be  made  proportional  to  the  necessary  quantities. 

Figure  12  is  a diagram  of  the  circuit  actually  used 
to  solve  the  equation.  Throughout  the  circuit  Ohm’s 
law  is  used  in  multiplications  and  divisions.  The 
three  sections  A,  B,  and  C are  adjusted  so  that  the 

nWith  the  necessary  negative  coefficient  in  the  range-rate 
term. 

b With  the  necessary  negative  coefficient  in  the  range-rate 
term. 


R-2 


Figure  12.  Actual  LAC  II  computer  circuit. 
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output  voltage  from  each  is  proportional  to  R,  to 
cos  Br,  and  to  t dR/dt,  respectively.  The  constant 
of  proportionality  must,  of  course,  be  the  same  in 
each  section.  A sufficiently  close  approximation  to 
cos  B,.  is  obtained  by  shunting  a resistance  R-4  as 
shown  in  section  B.  Voltage  is  maximum  when  the 
potentiometer  is  at  the  center  of  its  run  (B,,  = 0), 
and  goes  to  zero  at  either  end  (B^  = ±90  degrees). 
The  voltages  of  A and  B are  then  added,  and  the 
voltage  of  C is  subtracted  from  the  sum.  Thus  the 
output  voltage  of  the  three  circuits  taken  together 
is  proportional  to  {R  + Sj  cos  B^.  — t dR/dt)  and 
corresponds  to  the  voltage  of  Figure  11.  These 
voltages  are  then  fed  into  a resistance  R-9  which 
corresponds  to  R^  of  Figure  11.  Resistance  R-9  is 
center-tapped  since  B\  (which  corresponds  to  r^)  can 
be  either  positive  or  negative. 

R-11  plus  R-10  corresponds  to  Rb  in  Figure  11. 
The  slider  on  R-10  is  set  to  pick  off  a resistance  pro- 
portional to  Sj,  and  the  slider  on  R-11  is  set  to 
pick  off  a resistance  proportional  to  R (range).  Be- 
tween the  two  sliders,  then,  there  appears  a resistance 
proportional  to  R + Sot,  which  corresponds  to  the 
Tb  of  Figure  11. 

Section  D of  the  actual  circuit  provides  a means 
of  obtaining  a voltage  proportional  to  (R/So)  dB'/dt 
to  correspond  to  Eb  of  Figure  11.  The  resistor  R-12 
on  which  R dB'/dt  is  obtained  is  center-tapped  since 
the  quantity  (R/So)  dB'/dt  may  be  either  positive  or 
negative. 

Instead  of  running  the  leads  from  and  into  a 
meter,  as  in  Figure  11,  the  corresponding  leads  of 
Figure  12  are  led  into  a Brown  amplifier.  When  the 
circuit  is  not  balanced,  the  unbalance  voltage  is  am- 
plified and  fed  into  a Brown  motor  which  rotates 
in  such  a direction  as, to  restore  the  balance  by  chang- 
ing the  slider  on  R-9.  Thus  the  circuit  automatically 
balances  itself. 

The  relative  values  of  the  various  resistors  and 
potentiometers  used  in  the  circuit  are  determined  by 
the  accuracy  needed  in  the  final  result  {B\),  and  by 
the  constant  of  proportionality  needed  in  the  various 
sections  and  in  the  final  answer.  For  the  sake  of  ac- 
curacy, it  is  essential  that  R-9  be  large  in  comparison 
with  the  sum  of  the  output  resistances  of  sections 
A,  B,  and  C,  and  that  R-10  plus  R-11  be  large  in 
comparison  with  the  output  resistance  of  section  D. 
Practical  limitations  such  as  the  capacity  of  the  re- 
sistors available  and  the  range  of  values  of  the  inputs 
{R,  dRjdt,  T,  So,  etc.)  are  also  important  considera- 


tions. In  general,  the  resistances  were  chosen  to  per- 
mit the  following  range  of  values: 

Range  = 0 to  1 ,200  yd 
Range  rate  = 0 to  27  knots 
R(dB'ldt)  = 0 to  ±9  knots 
So  = 9 to  18  knots 

t = 5 to  50  sec 

8.3.6  Course-to-Steer  Indicator 

Finally,  the  output  of  the  transmitter  (14)  of  Fig- 
ure 10,  transmits  the  value  Br  — B\  to  the  course- 
to-steer  indicator  (captain’s  box)  shown  in  Figure  8. 
The  indicator  used  was  a British  A/S  174  bearing 
plotter  which  has  a ship’s  heading  card  with  an  in- 
dicator under  it.  By  moving  the  indicator  an  amount 
B,.  — B',.  from  relative  bearing  0 degree  and  observing 
its  indication  on  the  ship’s  heading  card,  the  conning 
officer  can  read  off  the  correct  course  to  steer  and  the 
amount  by  which  his  present  course  should  be  altered. 

Performance  Tests 

The  performance  tests  which  were  carried  out  on 
the  LAC  II  gave  encouraging  results  and  showed 
that  the  basic  principles  of  operation  were  sound. 
It  appeared  that  the  deficiencies  which  were  found 
could  be  readily  eliminated  and  that  additional 
desirable  features  could  be  incorporated.  Accord- 
ingly it  was  decided  to  undertake  the  design  and 
construction  of  a new  model  which  became  known 
as  the  attack  director  Mark  III. 

84  ATTACK  DIRECTOR  MARK  III 

The  attack  director  Mark  III,  basing  its  compu- 
tations on  sonar  information,  solves  the  course-to- 
steer  problem  for  either  stern-dropped  or  ahead- 
thrown  charges  and  predicts  time  to  fire  for  depth 
charges.  The  equipment  is  designed  for  use  in  con- 
junction with  standard  sonar  gear,  with  or  without 
a bearing  deviation  indicator  [BDI].  It  consists  of  a 
special  bearing  recorder  and  computing  unit 
mounted  beside  the  sonar  stack,  a modified  range 
recorder,  a helmsman’s  indicator,  and  two  small  units 
for  the  use  of  the  conning  officer  designated  as  the 
captain’s  indicator  and  the  captain’s  box. 

In  Figure  1 the  principal  components  of  AD  III 
are  shown  in  association  with  a sonar  stack  and  a 
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Relative  Bearing 
Target  Course  B Speed 
Own-Ship's  Course 
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Relative  Bearing 
Course-to-Steer 
Range 
Time  to  Fire 
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Target  Course  B Speed 
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Figure  13.  Functional  schematic  of  Al)  III  components. 
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BDI  unit,  arranged  conveniently  for  operation  by 
a three-man  team.  One  man  operates  the  bearing  re- 
corder shown  on  the  right.  The  stack  and  BDI  are 
operated  by  the  middle  man  of  the  team,  who  can 
also  either  directly  observe  the  trace  on  the  bearing 
recorder  or  be  coached  by  its  operator  to  take  ad- 
vantage of  the  bearing  record  in  maintaining  con- 
tact. The  man  on  the  left  operates  the  range  recorder. 

The  pictorial  diagram  of  Figure  13  shows  the  com- 
plete attack  director  and  the  character  of  the  infor- 
mation transmitted  between  its  various  parts.  The 
helmsman’s  indicator  is  located  conveniently  for  the 
helmsman,  and  the  captain’s  indicator  and  captain’s 
box  are  mounted  side  by  side  at  the  station  occupied 
by  the  conning  officer  during  an  attack.  The  two 
recorders  are  preferably  located  as  near  as  possible 
to  the  sonar  stack  (Figure  1)  for  mutual  assistance 
of  the  operators. 

The  purpose  of  attack  director  Mark  III  is  to 
make  the  most  effective  use  of  sonar  data  in  con- 
ducting an  attack.  The  input  or  “raw”  data  for 
the  device  consists  of  the  following: 

1.  Signals  from  the  sonar  receiver,  which  are  ap- 
plied to  the  range  recorder. 

2.  Bearing  values  which  are  applied  to  a bearing 
recorder  whenever  the  sonar  operator  has  the  pro- 
jector correctly  trained  on  the  target. 

3.  Ship’s  course  which  comes  from  the  gyrocom- 
pass. 

4.  Ship’s  speed  which  is  obtained  from  the  Pitome- 
ter  log. 

5.  Information  concerning  dead  times  which  de- 
pends on  the  ordance  used  and  which  is  put  into 
the  director  by  hand. 

The  process  of  lining  up  the  cursors  on  both  re- 
corders serves  to  “smooth  out”  the  data  actually 
plotted  on  the  recorder  paper  and  thus  makes  al- 
lowance both  for  errors  on  the  part  of  the  sonar 
operator  and  for  erratic  information  due  to  adverse 
water  conditions. 

The  output  of  the  director  consists  essentially  of 
a course-to-steer  indication  and  a time-to-fire  signal; 
however,  the  components  of  target  motion  parallel 
to  and  perpendicular  to  the  line  of  sight  appear  as 
a by-product  of  the  computation,  and  the  resultant 
target  course  and  speed  are  indicated  to  the  conning 
officer.  Furthermore,  provision  is  made  for  this  offi- 
cer to  insert  different  values  for  these  quantities 
manually,  if  he  believes  that  for  some  reason  the 
target  motion  is  not  being  represented  correctly.  The 
manual  inputs  may  also  be  used  after  loss  of  contact 


Figuri;  11.  Simplified  schematic  of  AD  III  mechanical 

computer. 

to  modify  the  time-to-fire  computation  according  to 
last-minute  estimates  of  target  maneuvers. 

For  ahead-thrown  charges  the  time  to  fire  is  ob- 
tained from  the  range  recorder  in  the  normal  way, 
but  for  stern-dropped  attacks  a time-to-fire  signal  is 
furnished  by  an  electrical  computation. 

The  detailed  description  which  follows  covers  first 
the  mechanical  computer  used  for  plotting  a modi- 
fied bearing;  second,  the  idealized  electrical  sche- 
matic of  the  entire  equipment;  and  finally,  details 
of  the  separate  components. 

Mechanical  Computer 

The  mechanical  computer  which  is  used  to  plot  a 
modified  bearing  on  the  bearing  recorder  is  shown 
in  a simplified  form  in  Figure  14.  The  operation  of 
this  computer  is  explained  in  reference  to  the  for- 
mer figure.  The  input  quantities  consist  of  relative 
bearing  from  the  sonar  stack,  range  from  the  range 
recorder,  own-ship’s  course  from  the  gyrocompass, 
and  own-ship’s  speed  from  the  Pitometer  log.  Each 
of  these  quantities  controls  the  operation  of  a servo 
motor. 

The  range  servo  drives  an  inverse  range  cam, 
whose  output  is  proportional  to  the  reciprocal  of 
the  range.  This  output  is  used  to  position  the  balls 
of  an  integrator  whose  disk  is  driven  by  a constant 
speed  motor.  The  output  of  the  integrator,  there- 
fore, is  proportional  to  the  time  increment  divided 
by  the  range.  In  order  to  use  the  full  diameter  of 
the  disk  instead  of  only  the  radius,  the  integrator 
output  is  combined  by  means  of  a mechanical  dif- 
ferential with  the  constant  speed  motor  drive  at  a 
gear  ratio  which  makes  the  output  proportional 
to  the  position  of  the  balls  measured  from  one  end 
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Figure  15.  AD  III  simplified  electrical  schematic. 


of  the  diameter,  rather  than  from  the  center  of  the 
disk. 

The  output  of  the  servo  for  own-ship’s  speed  is 
a shaft  position  which  serves  as  one  of  the  inputs  of 
a component  solver.  The  other  input  is  the  smoothed 
relative  bearing  of  the  sonar  projector,  obtained  as 
described  below.  Only  one  of  the  two  outputs  of  the 
solver  is  used,  namely,  the  component  of  own-ship’s 
speed  normal  to  the  line  of  sight.  So  sin  (S).^  This 
in  turn  is  used  to  position  the  balls  of  an  integrator, 
whose  disk  is  driven  at  a rate  inversely  proportional 
to  range.  The  output  represents  the  contribution  of 
own-ship’s  motion  to  the  change  in  target  bearing. 
It  is  combined  by  means  of  a mechanical  differential 
with  own-ship’s  course.  The  result  in  turn  is  com- 
bined with  relative  bearing  of  the  sonar  projector 
to  give  modified  bearing  /i'  for  controlling  the  stylus 
of  the  bearing  recorder.  However,  points  are  recorded 
only  when  the  sonar  operator  presses  a button,  which 
he  does  each  time  he  is  on  the  target  (with  BDI)  or 
at  a cut-on  (without  BDI). 

The  smoothed  value  of  this  modified  bearing,  ob- 
tained from  the  cursor  setting  established  by  the  re- 
corder operator,  has  subtracted  from  it  the  difference 


c (5)  indicates  “smoothed.” 


between  ship’s  course  and  the  integral,  to  yield  a 
smoothed  relative  bearing  of  the  target,  Br  (S). 

It  should  be  noted  that  the  servo  motors  of  the 
mechanical  computer  control  not  only  the  shaft 
positions  referred  to  above,  but  also  potentiometers 
whereby  the  quantities  are  made  available  wherever 
needed  in  the  electrical  portions  of  the  computer. 

Electrical  Schematic 

The  simplified  electrical  schematic  (Figure  15) 
shows  the  way  in  which  information  is  carried  from 
one  part  of  the  attack  director  to  another.  The  lines 
in  this  schematic  do  not  necessarily  represent  direct 
electric  connections  since,  in  instances  where  a given 
quantity  is  needed  at  various  points,  a separate  po- 
tentiometer is  provided  for  each  of  these  points, 
and  the  potentiometers  are  ganged  and  driven  by  a 
shaft  whose  position  represents  the  quantity  in  ques- 
tion. For  instance,  the  diagram  shows  range  infor- 
mation going  from  the  range  recorder  to  (1)  the 
bearing  recorder,  (2)  the  course-to-steer  computer, 
and  (3)  the  captain’s  indicator.  The  information  is 
actually  transmitted  by  means  of  five  potentiometers 
driven  by  a servo  motor  located  in  the  mechanical 
computer.  One  of  these  five  feeds  into  the  servo 
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amplifier  where  it  is  balanced  against  a voltage  fur- 
nished by  a potentiometer  in  the  range  recorder 
which  is  hand-set  to  follow  the  recorded  range.  By 
this  means,  the  servo  motor  drives  all  five  potenti- 
ometers to  positions  representing  the  smoothed  pres- 
ent value  of  the  range.  The  remaining  four  poten- 
tiometer outputs  are  applied  as  follows:  one  output 
goes  to  the  captain’s  indicator,  one  goes  to  the  time- 
to-fire  circuit,  and  two  feed  into  the  course- to-steer 
circuit,  since  range  appears  on  both  sides  of  the  equa- 
tion which  is  to  be  electrically  balanced  [equation 
(14)].  The  servo  motor  also  drives  an  inverse  range 
cam,  as  explained  in  the  description  of  the  mechani- 
cal computer. 

The  following  discussion  of  the  schematic  of  Fig- 
ure 15  is  based  on  the  diagram  and  the  logical  in- 
terrelation of  parts  rather  than  on  the  actual  mechan- 
isms and  connections  used  for  transmitting  the  in- 
formation. 

Range,  R 

The  value  of  range  used  throughout  the  computer 
is  based  on  a pointer,  which  is  moved  by  the  opera- 
tor of  the  range  recorder  to  represent  the  value  of 
present  range  as  estimated  by  eye  from  the  points 
on  the  range  recorder.  It  is  used  in  the  bearing 
recorder  to  drive  the  recorder  paper  at  a speed  which 
is  inversely  proportional  to  range.  It  is  indicated 
on  the  captain’s  indicator,  and  used  in  the  computa- 
tion of  course  to  steer  and  time  to  fire. 

Range  Rate,  clRIdt 

The  range  rate  is  based  on  the  position  of  a po- 
tentiometer geared  to  the  range-rate  cursor  set  by 
the  range  recorder  operator.  It  is  used  to  compute 
course  to  steer  and  target  speed  along  the  line  of 
sight.  In  addition,  a manual  input  for  range  rate  is 
provided  in  the  captain’s  box  together  with  switches 
whereby  the  manually  set  estimated  value  can  be 
substituted  at  the  option  of  the  conning  officer  for 
the  value  obtained  from  the  range  recorder. 

Own-Ship’s  Course, 

This  is  introduced  by  a synchro  signal  from  the 
ship’s  gyro  system  which  drives  a servo  motor  in  the 
bearing  recorder.  This  quantity  is  also  required  in 
the  helmsman’s  indicator  and  captain’s  box. 

Projector  Bearing, 

The  relative  bearing  of  the  sound  projector  is 
transmitted  to  the  mechanical  computer  for  use  in 


obtaining  the  modified  bearing  actually  plotted  on 
the  bearing  recorder.  The  projector  bearing  is  shown 
only  on  the  captain’s  indicator. 

Dead  Time 

Quantities  involving  time  of  flight,  range  of  ahead- 
thrown  projectiles  (actually  depending  on  ship’s 
speed),  and  sinking  time  (depending  on  target  depth) 
are  selected  according  to  the  nature  of  the  attack 
and  manually  set  in  with  constant  values.  These 
quantities  are  required  to  compute  course  to  steer 
and  time  to  fire. 

Own-Ship’s  Speed,  So 

This  quantity  is  used  in  computing  target  speed 
along  line  of  sight  and  operating  a component  solver 
in  the  mechanical  computer.  Ordinarily,  it  would 
be  obtained  from  the  Pitometer  log,  but  for  attack 
teacher  tests  or  tests  aboard  ships  lacking  a Pitome- 
ter log  installation,  a hand-set  input  for  ship’s  speed 
is  provided. 

Smoothed  Relative  Bearing,  (S) 

This  quantity  is  obtained  from  the  mechanical 
computer  and  is  used  in  computing  target  speed 
along  line  of  sight  and  course  to  steer.  The  course- 
to-steer  output  is  the  smoothed  relative  bearing 
which  the  target  would  have  if  the  ship  were  on  the 
correct  attack  course  B'^.  (S).  A mechanical  differen- 
tial is  used  to  take  the  difference  between  B'^  (S) 
and  Br  (S).  This  difference,  which  represents  the 
required  change  in  course,  is  applied  to  the  captain’s 
indicator  and  the  helmsman’s  indicator.  B^  (S)  is  also 
used  in  the  captain’s  box  where  it  is  combined  with 
ship’s  course  to  indicate  true  target  bearing. 

Target  Speed  Across  Line  of  Sight 
S sin  A OR  —RdB'jdt 

The  mechanical  computer  produces  an  output 
equal  to  the  product  of  range  and  modified  bearing 
rate,  which  represents  the  component  of  target  speed 
normal  to  the  line  of  sight.  This  quantity  is  used 
in  computing  course  to  steer.  It  is  also  applied  to 
an  indicator  in  the  captain’s  box  for  combination 
with  target  speed  along  the  line  of  sight  to  produce 
an  indication  of  target  course  and  speed.  Switches  in 
the  captain’s  box  make  it  possible  to  substitute  an 
estimated  value  of  target  speed  across  the  line  of 
sight,  first  into  the  indicator  in  the  captain’s  box 
by  operation  of  switch  S^,  and  then  into  the  course- 
to-steer  computer  by  means  of  switch  S^,  if  the  dop- 
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pier  effect  or  other  evidence  leads  the  conning  officer 
to  doubt  the  correctness  of  the  computed  value. 

Course  to  Steer,  B\  (S)  — B^.  (S) 

The  course-to-steer  computer,  as  stated  above,  pro- 
duces an  output  which  is  the  smoothed  relative  bear- 
ing the  target  should  have  if  the  ship  is  on  the  cor- 
rect attack  course.  This  (juantity  is  applied  to  the 
time-to-fire  computer  and  to  the  computer  of  target 
speed  along  the  line  of  sight  as  well  as  to  the  differ- 
ential mentioned  previously. 

Time  to  F'ire, 

The  time-to-fire  computer  operates  an  alarm 
which,  by  means  of  a sequence  cam,  sounds  a buzzer 
5 sec  before  and  5 sec  after  firing  time,  and  a bell 
at  the  firing  time  itself.  The  time  remaining  before 
firing  is  continuously  transmitted  to  the  captain’s 
indicator. 

Target  Speed  Along  Line  of  Sight,  S cos  A 

The  computer  for  target  speed  along  line  of  sight 
uses  own-ship’s  speed  and  course  for  obtaining  the 
contribution  of  own-ship’s  motion,  and  combines 
this  with  the  observed  range  rate  to  obtain  the  tar- 
get speed  along  the  line  of  sight.  This  is  transmitted 
to  the  captain’s  box  to  contribute  to  the  indication 
of  target  course  and  speed. 

8.4.3  Details  of  Components 

The  functioning  of  the  attack  director  has  already 
been  described  in  a general  way.  In  the  following 
paragraphs,  each  of  its  component  parts  is  consid- 
ered in  detail. 

« 

Bearing  Recorder 

The  bearing  recorder  (see  Figures  1 and  13),  which 
gives  the  component  of  target’s  velocity  normal  to 
the  bearing  line,  and  smoothed  relative  bearing,  is 
mounted  on  a pedestal  with  the  computer.  I’he  Brit- 
ish bearing  recorder  used  has  been  rebuilt  and  modi- 
fied so  that  the  light-beam  cursor  can  be  rotated  by 
means  of  a knob  in  front  of  the  unit.  Another  knob, 
similarly  located,  is  used  to  move  the  light  beam 
translationally  in  order  that  the  bearing  itself  may 
be  followed.  The  paper  drive  is  obtained  from  the 
mechanical  computer  by  means  of  a shaft  which  ro- 
tates at  a speed  inversely  proportional  to  the  range. 

The  modified  true  bearing  is  plotted  on  the  bear- 
ing recorder.  As  was  mentioned  previously,  the  sonar 


stack  operator  plots  the  points  by  closing  a switch 
each  time  he  gets  a bearing.  Contributions  to  tar- 
get’s bearing  due  to  own-ship’s  maneuvers  are  taken 
out  by  means  of  mechanical  integrators  and  me- 
chanical differentials  involving  range,  relative  bear- 
ing, own-ship’s  course,  and  own-ship’s  speed.  As  long 
as  the  component  of  target’s  velocity  normal  to  the 
bearing  line  remains  constant,  the  plot  on  the  bear- 
ing recorder  is  a straight  line. 

The  light-beam  cursor  is  manually  rotated  to  agree 
with  the  average  slope  of  the  line  formed  by  the 
series  of  dots  on  the  bearing  recorder  paper,  and 
this  rotation  turns  potentiometers  that  adjust  resis- 
tances so  that  they  are  proportional  to  the  compon- 
ent of  target’s  velocity  normal  to  the  bearing  line 
R dB'/dt  in  equations  (14)  and  (16).  These  resistances 
are  then  used  by  the  computer  in  making  the  elec- 
trical computations. 

The  modified  true  bearing  as  plotted  on  the  bear- 
ing recorder  is  followed  by  the  manually  operated 
cursor  to  give  a smooth,  modified  true  center  bear- 
ing of  the  target.  The  motion  of  this  cursor  is  trans- 
mitted mechanically  to  the  computer,  where,  by  use 
of  a mechanical  differential,  this  motion  turns  po- 
tentiometers to  produce  resistances  in  the  computer 
proportional  to  the  cosine  of  the  smoothed  relative 
center  bearing  of  the  target,  B^  (S).  These  are  also 
used  in  the  electrical  computation. 

Range  Recorder 

The  standard  range  recorder  (see  Figures  1 and 
13)  has  been  modified  in  three  particulars.  One  of 
these  is  the  addition  of  a pointer  carried  on  a lead 
screw  which  is  manually  rotated  so  as  to  maintain 
the  pointer  on  the  echo  trace.  This  pointer  is  at- 
tached to  the  slider  of  a potentiometer  so  that  its 
movement  causes  the  potentiometer  to  produce  a 
voltage  proportional  to  the  present  range. 

The  second  modification^  of  the  range  recorder 
adds  a slant-range  correction  so  that  the  range  ob- 
tained is  the  actual  horizontal  range  on  the  surface 
of  the  water  rather  than  the  slant  range  from  the 
projector  to  the  target.  In  this  device  target  depth 
is  set  manually. 

The  third  modification  of  the  range  recorder  con- 
sists of  the  addition  of  a tangent  potentiometer.  The 
slider  of  this  potentiometer  is  mechanically  coupled 
to  the  range-rate  cursor  in  such  a manner  that  the 
resistance  output  from  the  potentiometer  is  propor- 
tional to  range  rate  dR/dt  in  equations  (7b)  and 
(14).  This  resistance  is  used  directly  by  the  computer. 
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Figurf.  16.  AD  III  captain's  indicator  and  captain’s  box. 


Helmsman’s  Indicator 

A standard  Submarine  Signal  Company  bearing 
repeater  is  used  as  the  helmsman’s  indicator.  In  it, 
course  to  steer,  as  obtained  from  the  computer,  is 
given  by  a movable  bug.  The  helmsman  has  only  to 
keep  zero  relative  bearing  lined  up  with  the  bug 
in  order  to  stay  on  the  proper  course.  The  gyro- 
compass repeater  disk  operates  in  the  normal  way. 

Captain’s  Indicator  and  Box 

A modified  bearing  repeater,  shown  at  the  left  in 
Figure  16,  is  used  as  the  captain’s  indicator.  A mov- 
able bug  shows  projector  bearing  and  another  bug 
is  added  to  indicate  the  course  to  steer.  A gyrocom- 
pass card  is  included  also.  Meters  are  used  to  give 
range  and  time  to  fire. 

The  captain’s  box  contains  a cathode-ray  tube 
with  suitable  power  supplies.  The  length  of  the 
trace  on  the  screen  of  the  tube,  measured  radially 
from  the  center,  represents  the  target’s  speed,  and 
the  direction  of  the  trace  shows  the  target’s  true 


bearing.  The  coils  around  the  cathode-ray  tube  may 
be  rotated  according  to  smoothed  true  target  bearing 
by  a servo  motor  which  follows  the  position  of  a 
synchro.  This  is  a differential  synchro  which  is  sup- 
plied with  voltages  corresponding  to  own-ship’s 
course  and  smoothed  relative  bearing  (5).  A 
compass  card  in  front  of  the  cathode-ray  tube  can 
also  be  rotated  according  to  smoothed  true  target 
bearing.  Thus  it  is  possible  to  make  the  plot  on  the 
tube  screen  with  respect  to  either  true  north  or  line 
of  sight. 

Two  knobs  on  the  captain’s  box  may  be  used  to 
turn  potentiometers  which  give  resistances  propor- 
tional to  the  rectangular  components  of  estimated 
target’s  speed  with  respect  to  the  line  of  sight.  Micro- 
switches on  the  shafts  of  these  potentiometers  allow 
the  results  of  these  changes  to  be  shown  on  the  ca- 
thode-ray tube  screen,  and  the  changes  may  then 
be  inserted  into  the  computer  circuit  by  turning  a 
switch  on  the  captain’s  box.  These  knobs  and  this 
switch,  together  with  a switch  for  energizing  the 
time-to-fire  balancing  circuit  in  cases  where  the  range 
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Tj  through  inclusive  have  the  same  primary  winding. 

All  secondaries  are  electrically  shielded  from  each  other. 

Primary  voltage  =:  115  v;  secondary  voltage  = 6.3  v. 

Sj„  permits  adjustment  for  S„  of  either  12  or  15  knots. 

Figuri:  17.  AI)  III  wiring  schematic  for  sin  7?',.. 


is  below  200  yd,  give  the  conning  officer  manual 
control  of  the  computer  whenever  he  desires  it. 

Computer 

The  mechanical  portion  of  the  computer  (except 
for  the  time-to-fire  component,  which  is  discussed  in 
the  next  section)  has  already  been  described.  In  the 
electrical  portions,  each  circuit  utilizes  a servo  mo- 
tor, driven  by  the  voltage  difference  between  circuit 
outputs,  which  produces  a balance  by  changing 
certain  resistance  values  in  the  associated  circuit.  The 
difference  voltage  is  thereby  reduced  to  zero  and 
thus  the  equation  represented  by  the  circuit  is  solved. 

Resistances  proportional  to  the  range  used  in  the 
electrical  computation  are  obtained  from  potenti- 
ometers mounted  on  the  shaft  of  the  range-follower 
motor. 

Resistances  proportional  to  range  rate  are  obtained 
directly  from  hand-set  potentiometers  on  the  range 
recorder. 


Resistances  proportional  to  own-ship’s  speed  are 
obtained  from  potentiometers  on  a shaft  which  is 
positioned  by  a motor  controlled  by  a synchro  re- 
peater from  the  Pitometer  log. 

Resistances  proportional  to  smoothed  relative  tar- 
get bearing  {S)  are  obtained  from  potentiometers 
driven  by  the  output  of  a mechanical  differential. 
Here  the  smoothed  modified  bearing,  set  in  from  the 
bearing  cursor  of  the  bearing  recorder,  has  sub- 
tracted from  it  the  difference  between  own-ship’s 
course  and  the  integral  obtained  from  the  mechani- 
cal computer,  in  order  to  get  a smoothed  unmodified 
bearing. 

Resistances  proportional  to  the  product  of  range 
and  modified  bearing  rate  are  obtained  from  poten- 
tiometers rotated  according  to  the  slope  of  the  cur- 
sor lines  on  the  bearing  recorder.  This  quantity  rep- 
resents target  speed  normal  to  the  line  of  sight. 

A final  group  of  potentiometers,  which  give  resis- 
tances proportional  to  the  sine  and  cosine  of  the 
computed  relative  bearing  B\,  is  mechanically  con- 
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nected  to  the  balancing  motor  which  prodnces  the 
solution  of  equation  (14). 

After  these  various  resistances  are  obtained,  they 
are  combined  in  five  separate  computing  circuits. 
The  first  circuit  (Figure  17)  computes  the  course  to 
steer  for  depth-charge  attack.  The  second  (Figure 
18)  computes  the  amount  of  time  remaining  before 
firing  for  depth-charge  attack.  The  third  and  fourth 
circuits  compute  the  two  components  which  are  used 
to  plot  target’s  course  and  speed  in  the  captain’s  box 
(Figures  19  and  20).  The  fifth  circuit  (also  shown 
in  Figure  18)  computes  course  to  steer  for  ahead- 
thrown  attack.  All  these  circuits  operate  rapidly  so 
that  a continuous  set  of  solutions  is  obtained. 

Time-to-Fire  Mechanism 

The  time-to-fire  computing  mechanism  for  depth- 
charge  attack  consists  of  a balancing  motor,  a bal- 
ancing potentiometer,  a synchronous  timing  motor, 
and  a set  of  sequence  cams.  The  balancing  motor 
turns  the  balancing  potentiometer  so  as  to  equate 


two  voltages  (the  difference  driving  the  motor)  and 
hence  solves  the  equation  for  time  to  fire  [equation 
(7b)]. 

When  contact  with  the  target  is  lost,  the  balancing 
motor  is  turned  off  and  the  synchronous  motor  turns 
the  sequence  cams  at  the  proper  speed  to  ring  a 
bell,  by  means  of  the  cams,  when  the  time  remaining 
before  firing  reaches  zero.  As  mentioned  before,  the 
cams  also  sound  a buzzer  5 sec  before  and  5 sec  after 
the  bell  rings.  The  synchronous  motor  automatically 
turns  itself  off  by  means  of  the  cams  after  the  buz- 
zer has  sounded. 

8 5 RESULTS  OF  AD  III  TRIALS 

Numerous  tests  of  the  AD  III  and  other  direc- 
tors were  made  by  ASDevLant  during  the  summer 
and  fall  of  1944.  An  extensive  summary  of  the  re- 
sults of  these  tests  has  been  reported  by  the  Navy.^ 
Trials  were  first  made  on  an  attack  teacher;  then  the 
AD  III  was  installed  on  the  PCE  869  for  sea  trials 
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- IN  CAPTAIN’S  BOX 

19.  .\1)  III  wiring  sduMualic  I'oi  Scos./. 


Fi(;urk  ^0.  Al)  III  wiring  schcinalic  lor  S sin  //. 


against  a submarine  of  the  “R”  class.  For  the  purpose 
of  this  report,  results  obtained  by  ASDevLant  may 
be  divided  into  three  categories  which  are  discussed 
separately  below. 

Depth-Charge  Aitacks  on  Attack  Teacher 

Table  1 summarizes  the  results  of  depth-charge 
attacks  on  the  attack  teacher.  Values  for  the  Mark 
IV  antisubmarine  attack  director,  for  expert  unaided 
conning  and  for  trained  unaided  conning  are  given 
for  comparison.  Although  the  AD  III  shows  superior- 
ity over  the  trained  unaided  conning,  it  shows  some 
inferiority  to  the  experts  and  marked  inferiority  to 
the  Mark  IV  director. 


T.able  1.  Results  of  depth-charge  attacks  on  the  attack 
teacher. 


Method  of  attack 

% of  attacks  with 
total  error  less 
than  75  yd 

% of  attacks  with 
total  error  less 
than  125  yd 

AD  III 

24 

56 

Mark  IV 

46 

74 

Expert  unaided 

30 

61 

Trained  unaided 

18 

35 

While  these  attack  teacher  tests  were  indispensable 
in  pointing  out  various  engineering  flaws  in  the 
AD  III,  the  results  are  not  fairly  indicative  of  AD 
Ill’s  potentialities  because  a very  poor  range  recorder 
was  employed.  Keying  was  erratic  and  the  traces 
ragged,  thus  causing  errors  in  range  rate,  which  in 
turn  caused  errors  in  lead  angle  and  in  firing  time. 
The  manner  in  which  errors  in  range  rate  affect  lead 
and  timing  in  a depth-charge  attack  can  be  seen 
from  equations  (2)  and  (7).  At  short  range,  in  many 
cases,  a given  error  in  range  rate  can  cause  greater 
error  in  lead  than  in  timing. 

The  value  of  the  captain’s  box  was  also  tested  on 
the  attack  teacher,  but  because  of  the  poor  range 
recorder  these  tests  also  are  not  too  reliable.  It  is 
apparent  from  Table  2,  however,  that  use  of  the 


captain’s  box  did  raise  the  score  of  the  AD  III  over 
that  obtained  without  it. 


Table  2.  Effect  of  captain’s  box  on  depth-charge  attacks. 


% of  attacks  with 

% of  attacks  with 

Method  of  use 

total  error  less 

total  error  less 

than  75  yd 

than  125  yd 

Without  captain’s  box 

24 

56 

With  captain’s  box 

30 

68 

Use  of  a better  range  recorder  and  development 
of  a doctrine  for  use  of  the  captain’s  box  would 
probably  have  increased  its  superiority  over  the 
merely  automatic  operation  of  the  AD  III. 

Depth-Charge  Tests  at  Sea 

Sea  tests  of  the  AD  III  were  much  more  satisfac- 
tory. Numerous  small  misalignments  were  corrected 
before  the  director  was  installed  on  the  PCE  869 
and  a good  range  recorder  was  employed.  When 
comparing  the  success  of  the  AD  III  at  sea  with 
other  conning  methods  as  shown  in  Table  3,  certain 
facts  should  be  borne  in  mind.  In  the  first  place, 
AD  III  was  tested  off  Rhode  Island,  where  sound 
conditions  are  poor  because  of  thermal  gradients 
and  shallow  water,  whereas  the  Mark  IV  was  tested 
off  Fort  Lauderdale,  Florida,  where  isothermal  layers 
are  deep  and  good  sound  conditions  prevail.  Sec- 
ond, in  tests  of  the  AD  III,  as  explained  in  the  ASDev- 
Lant report,  conning  was  done  only  by  the  director, 
whereas  an  expert  conning  officer  was  used  to  assist 


Table  3.  Attack  results  with  different  conning  methods. 


Method  of  conning 

% of  attacks  with 
total  error  less 
than  75  yd 

■%  of  attacks  with 
total  error  less 
than  125  yd 

AD  III 

53 

77 

Mark  IV 

62 

87 

Expert  conning  with 

ASAP 

65 

81 
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Table  4.  Numerical  results  of  ahead-thrown  attacks. 


Hedgehog  values 

No.  Mousetrap  values  (same  base  range  as  Mousetrap) 

ol  • — 

runs  Total  error  Lead  error  Time  error  Lead  error  Total  error 

% under  % under  % under  % under  % under 

30  yd  GO  yd  30  yd  GO  yd  30  yd  GO  yd  30  yd  GO  yd  30  yd  60  yd 


All  runs 

101 

22 

60 

37 

69 

66 

97 

60 

93 

48 

94 

Straight  runs 

29 

27 

71 

44 

71 

82 

100 

59 

100 

51 

100 

Maneuvering  runs 

72 

20 

56 

34 

65 

59 

96 

60 

92 

46 

91 

the  Mark  IV  in  its  tests  by  anticipating  required 
leads.  Third,  the  predicting  feature  in  the  Mark  IV 
(similar  in  intent  to  the  captain’s  box  of  AD  III) 
was  frequently  used,  whereas  the  captain’s  box  of 
AD  III  was  not  tested  because  of  a failure  in  its 
component  parts. 

Again  the  Mark  IV  and  the  experts  show  a supe- 
riority over  the  AD  III,  although  it  is  less  than  in  the 
case  of  the  attack  teacher  trials. 

Ahead-Thrown  Attacks 

Although  tests  of  various  other  directors  did  not 
include  the  use  of  forward-throwing  weapons,  the 
AD  III  was  given  fairly  complete  tests  for  this  kind 
of  attack,  on  an  attack  teacher.  No  sea  tests  of  this 
type  were  made,  however. 

Table  4 is  a summary  of  the  numerical  results 
of  the  ahead-thrown  attacks.  It  will  be  noted  that 
they  have  been  scored  both  for  a fixed  Mousetrap 
and  for  a Hedgehog  firing  projectile  having  a base 
range  equal  to  that  of  Mousetrap  projectiles.  In  the 
case  of  the  Hedgehog  the  train  angle  used  was  sim- 
ply the  difference  between  the  actual  course  and  the 
ordered  course  of  the  ship  at  firing  time.  Since  the 
tactical  characteristics  of  the  attack  teacher  ship  used 
(tactical  diameter  = 520  yd)  usually  prevented  it 
from  being  on  the  ordered  course  at  firing  time,  the 
scoring  for  the  Hedgehog  gives  a better  estimate  of 
the  AD  Ill’s  accuracy  than  does  that  for  the  Mouse- 
trap. 

In  a comparison  of  lead  and  timing  errors  with 
the  Hedgehog,  it  is  apparent  that  lead  errors  increase 
very  little  when  the  target  maneuvers  (the  change 
shown  is  statistically  insignificant)  but  the  timing 
errors  increase  very  noticeably.  Apparently  the  ex- 
planation of  this  is  the  fact  that  target  changes  in 
course  and  speed  are  more  quickly  observed  on  the 
bearing  recorder,  which  gives  the  lead  for  an  ahead- 
thrown  attack,  than  on  the  range  recorder,  which 


affects  only  firing  time.  Since  the  slope  of  the  bearing 
recorder  trace,  but  not  the  slope  of  the  range  recorder 
trace,  is  unaffected  by  own-ship’s  maneuver,  this  dif- 
ference in  speed  of  detection  of  target’s  maneuver 
is  as  would  be  expected.  These  figures  may  also  in- 
dicate the  desirability  of  removing  the  effect  of  own- 
ship’s  motion  on  the  range  recorder. 

When  the  values  of  lead  errors  for  the  Hedgehog 
are  averaged,  taking  account  of  sign,  i.e.,  whether 
the  error  is  too  much  or  too  little  lead,  a systematic 
error  of  about  10  yd  too  little  lead  shows  up.  This 
may  indicate  that  the  value  of  the  constant  in  equa- 
tion (17)  {T g T f)  j {Rg -\- SqT j)  was  not  properly 
evaluated  for  the  tests.  It  is  quite  possible  that  the 
total  errors  would  be  made  somewhat  smaller  if  the 
mean  value  of  the  lead  errors  were  made  zero  by 
changing  the  constant  used. 

86  CONCLUSIONS 

Work  on  AD  III  was  undertaken  on  the  basis  of 
two  suppositions.  In  the  first  place,  it  was  supposed 
that  recorders  were  the  best  means  of  smoothing  out 
erratic  sonic  data  and  converting  them  into  useful 
quantities.  Second,  it  was  supposed  that  the  predict- 
ing features  of  the  captain’s  box  would  be  advan- 
tageous in  attacks  against  maneuvering  targets.  Un- 
fortunately, neither  one  of  these  suppositions  has 
been  proven  correct  or  incorrect  by  tests  of  the 
AD  III. 

Comparative  figures  for  success  of  the  Mark  IV 
(which  uses  followers  or  generated  values  of  range 
and  bearing)  and  the  AD  III  do  not  settle  the  ques- 
tion of  the  accuracy  of  followers  over  recorders,  or 
vice  versa,  for  two  reasons:  (1)  engineering  defects 
in  the  AD  III  may  very  well  have  covered  up  any 
advantage  of  the  bearing  and  range  recorder  solu- 
tions, and  (2)  the  virtual  target  feature  of  the  Mark 
IV,  rather  than  its  method  of  setting  up  the  course 
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and  speed  of  the  virtual  target,  probably  contributed 
a great  deal  to  its  success.  If  comparative  tests  of 
the  two  directors  had  been  made  using  ahead-thrown 
weapons,  then  the  engineering  didiculties  of  the 
AD  III  and  the  virtual  target  of  the  Mark  IV  would 
have  had  less  chance  to  obscure  the  results.  The  cap- 
tain’s box  was  given  tests  on  the  attack  teacher  and 
showed  some  advantage.  Because  of  breakdowns  in 
the  box  at  sea,  however,  it  had  no  sea  trials.  It  seems 
probable  that  if  these  breakdowns  coidd  have  been 
repaired  in  time  for  the  sea  trials,  use  of  the  cap- 
tain’s box  would  have  increased  the  success  of  the 
AD  III. 


In  order  to  determine  the  validity  of  the  two  as- 
sumptions upon  which  the  AD  111  was  built,  two 
sets  of  tests  are  needed:  (1)  values  of  the  indicated 
course  and  speed  of  the  target  as  computed  by  the 
Mark  IV  and  the  AD  111  should  be  compared  with 
actual  course  and  speed  of  the  target  in  order  to 
discover  whether  bearing  and  range  recorders  are 
more  or  less  accurate  in  their  determinations  than 
are  the  followers  of  Mark  IV;  (2)  attacks  against 
maneuvering  targets  should  be  made  with  and  with- 
out the  use  of  the  captain’s  box  with  AD  III,  or  the 
curved  course  prediction  feature  of  Mark  IV,  in  order 
to  determine  the  usefulness  of  such  devices. 


Attack  Director  B 


Attack  director  B (AD-B)  is  an  experimental  dexnce 
designed  to  present  attacking  surface  ships  xvilh  the 
collision  course  to  steer.  It  utilizes  the  target  informa- 
tion presented  on  the  plan  position  indicator  [PPI] 
of  modern  scanning  sonar  systems.  The  common  prin- 
ciple of  operation  in  all  models  is  a time-tnatching 
scheme  based  on  the  necessity  for  a coincide?ice  in 
time  a?id  position  of  the  submarine  and  the  explod- 
ing antisubmarine  ordnance.  Alloxuance  is  provided 
for  the  effect  of  oiun-ship’s  turning  circle  on  the  bear- 
ing of  the  fixed  attack  course.  The  first  txuo  models 
included  mechanically  operated  time  scales  and  bear- 
ing dials.  Model  III  used  electromechanical  arrange- 
ments based  on  the  geometiy  of  the  attack.  An  experi- 
mental attack  aid,  also  based  on  the  time-matching 
principle,  ivas  constructed  for  use  xoith  relative-bear- 
ing PPL  The  zvork  on  these  dexnces  xvas  carried  out  by 
HUSL. 


INTRODUCTION 


The  successful  development  of  scanning  sonar  sys- 
tems which  present  submarine  target  position  infor- 
mation on  a plan  position  indicator  [PPI]  raised  the 
(juestion  of  how  an  antisubmarine  attack  should  be 
planned  to  utilize  most  effectively  the  information 
so  presented.  The  PPI  can,  of  course,  be  used  to 
deliver  range  and  bearing  information  for  use  in  ac- 
cordance with  standard  doctrine;  the  line  of  investi- 
gation described  below,  however,  was  devoted  to  the 
possibilities  of  devising  simple  computing  linkages 
or  other  mechanisms  which,  in  conjunction  with  the 
PIT,  could  be  manipulated  to  indicate  directly  the 
proper  course  to  steer. 

No  complete  and  convenient  solution  of  the  at- 
tack problem  was  obtained,  but  a graphical  time- 
matching scheme  was  devised  on  the  basis  of  the  re- 


quired coincidence  in  time  and  position  of  the  sub- 
marine and  the  explosion  point  of  the  antisubmarine 
ordnance.  A novel  feature  of  this  solution  was  the  in- 
clusion of  allowance  for  the  effect  of  the  turning 
circle  of  the  attacking  ship  on  the  bearing  of  the 
final  attack  course.  Three  experimental  models  of 
instruments  embodying  these  principles  were  con- 
structed and  further  proposals  for  improvement  were 
made.  To  distinguish  these  devices  from  other  attack 
aids  using  fire-control  technicpies,  the  name  attack 
director  B [AD-B]  was  assigned  to  them.  Their  per- 
formance demonstrated  the  soundness  of  the  basic 
concepts  involved,  although  no  sea-going  models  of 
the  attack  director  were  completed.  The  concurrent 
intensive  development  of  other  attack  directors  based 
on  conventional  fire-control  techniipies  indicates  that 


CONFIDENTIAL 


160 


ATTACK  DIRECTORS 


further  work  on  attack  director  B should  be  con- 
ducted on  a low-priority  basis. 

8 8 PRINCIPLE  OF  OPERATION 

The  problem  in  conducting  a successful  attack  on 
a submarine  is  to  determine  the  course  of  the  attack- 
ing ship  which,  for  a particular  speed,  will  intersect 
the  submarine’s  course  at  the  proper  time  to  effect 
a collision  between  the  submarine  and  the  exploding 
charges.  The  explosion  point  may  be  in  front  of  the 
attacking  ship  or  behind  it,  depending  on  the  type 
of  attack  used,  and  this  lead  or  lag  must  be  included 
in  the  calculation,  together  with  whatever  other  leads 
or  lags  are  made  necessary  by  such  factors  as  sinking 
time,  “dead  time,”  or  distance  from  sound  projector 
to  charge  racks.  The  inclusion  of  these  factors  makes 
the  problem  somewhat  complicated  and,  even  if  the 
correct  course  should  be  instantly  computed  on  the 
basis  of  true  information  from  the  sound  gear,  the 
ship’s  turning  circle  would  necessitate  additional 
computations.  Thus  a successful  attack  is  usually 
the  result  of  a converging  series  of  approximations. 

All  the  AD-B  solutions  are  based  on  the  obvious 
fact  that  the  time  after  some  given  instant,  to,  re- 
quired for  a ship  to  place  its  charges  at  the  under- 
water explosion  point  must  be  equal  to  the  time  after 
to  required  for  the  submarine  to  travel  to  the  ex- 
plosion point. 

Thus,  in  Figure  22,  let 

O = own-ship’s  position  at  to. 

T ==  target’s  position  at  to. 

So  = own-ship’s  speed. 


S = target’s  speed. 

A = target  aspect  angle.‘^ 

r = target  range. 

E = explosion  point. 

Dg  = distance  own  ship  travels  while  charges 
sink. 

P = position  of  own-ship’s  projector  at  the  in- 
stant of  explosion. 

Dp  = distance  from  own-ship’s  projector  to 
depth-charge  racks. 

t = time  between  to  and  the  explosion. 

For  a stern-dropped  attack,  it  is  necessary  to  steer 
a collision  course  between  the  target  and  a point 
trailing  Dg  + Dp  behind  the  sonar  projector.  At  the 
instant  of  explosion,  the  attacking  ship  — or  more 
precisely,  its  projector  — inust  be  at  P,  where  EP  = 
Dg  + Dp.  Therefore,  in  a successful  attack  course, 
the  time  necessary  for  the  ship  to  travel  the  distance 
OP  must  equal  the  time  required  for  the  submarine 
to  travel  the  distance  TE.  (A  similar  solution  is 
available  for  an  ahead-thrown  attack.) 

Although  it  is  possible  to  secure  a straightforward 
mathematical  solution  for  the  proper  lead  angle  B 
to  meet  these  conditions,  the  resulting  expression  is 
rather  complicated.  It  is  much  easier  to  determine 
the  solution  by  indirect  cut-and-try  (hunting)  meth- 
ods. Thus,  in  early  models  of  this  device,  the  solu- 
tion was  obtained  by  a manual  matching  of  time 
on  two  scales  calibrated  in  minutes  and  seconds  for 
the  particular  speeds  of  ship  and  submarine  respec- 
ts This  usage  of  “target  angle”  differs  by  180  degrees  from  the 
approved  definition  of  the  term  as  “the  relative  bearing  of  the 
ship  as  seen  from  the  target.” 
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lively.  In  the  final  model,  the  time  matching  was 
done  by  manually  adjusting  resistance  strips  to  bal- 
ance opposing  voltage  drops.  A model  has  been  pro- 
j)osed  lor  future  development  in  which  the  ad- 
justing itself  would  be  automatic  through  use  of  a 
servo  link.  Regardless  of  how  the  adjustment  is  ac- 
complished, however,  the  operation  is  basically  a 
cut-and-try  time-matching  process. 

89  ATTACK  DIRECTOR  B AND 
MODIFICATIONS 

8.9.1  Graphic  Aid  for  Solving  Attack 

Course 

The  simplest  type  of  graphic  aid  using  manually 
positioned  time  scales  is  illustrated  in  Figure  23. 
Assume  that  a submarine  T has  been  located  on  the 
screen  of  a true-bearing  PPI,  and  its  echo  trace 
observed  long  enough  to  determine  its  vector.  Sup- 
ported over  the  screen  is  a maneuvering  board  pat- 
tern, with  own-ship’s  position  at  its  center.  A ruler 
graduated  in  minutes  and  seconds  for  the  target’s 
particular  speed  is  selected  and  laid  with  its  zero 


at  T and  its  edge  along  the  target’s  course.  The  helms- 
man is  given  the  order  to  turn  toward  the  target. 
Meanwhile,  a tape,  graduated  in  minutes  and  sec- 
onds for  the  particular  ship’s  speed,  has  been  se- 
lected and  is  positioned  by  a pin  or  other  means 
at  the  center  of  the  plot.  A circular  block,  with 
radius  proportional  to  the  turning  circle  of  the  ship, 
is  jdaced  tangent  to  the  original  course  line  at  the 
point  corresj)onding  to  the  time  when  the  turn  actu- 
ally licgins.  If  the  taj)c  is  stretched  taut  around  this 
block,  and  the  time  graduations  of  the  two  scales 
are  matched  at  the  imint  of  their  intersection,  the 
tape  direction  indicates  the  course  necessary  to  de- 
termine a collision  between  ship  and  target.  The 
plot  has  become,  in  effect,  a geographical  map,  at 
a certain  instant,  of  a projected  attack.  The  bear- 
ing of  the  attack-course  line  may  be  read  by  a parallel 
ruler  linkage  or  other  means  and  provides  imme- 
diately a unicjue  solution  for  the  course  to  steer. 
Additional  loops  on  the  tape  for  the  pin  can  take 
care  of  various  leads,  or,  in  the  case  of  stern-dropped 
charges,  lags.  After  the  first  course  change,  the  use 
of  the  turning  circle  correction  can  perhaps  be  ig- 
nored for  additional  computations. 
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Figure  24.  Indication  of  course  change  to  reach  point  T. 


AD-B  Model  I 

The  name,  attack  director  B was  first  applied  to 
a modification  of  the  model  just  described  which 
improved  the  reading  of  the  attack  course  bearing 
by  use  of  a gear  train,  a rotatable  “tangent  shield” 
and  a bearing  dial. 

In  Figure  24,  O represents  a ship  traveling  north. 
Then  the  arc  OB  stands  for  the  portion  of  its  turn- 
ing circle  required  to  reach  the  point  of  tangency 
with  the  final  course  toward  a target  T (supposing  the 
target  to  be  at  rest).  By  geometry,  the  angle  OCB  = 
DABj  the  true  bearing  of  the  final  course.  Now,  if 
a dial,  graduated  in  degrees  clockwise  from  point 
O = zero,  is  centered  over  C as  shown  in  the  figure, 
the  desired  course  is  immediately  readable  at  point 
B.  If  the  ship  is  not  traveling  true  north,  however, 
such  a reading  is  in  error,  and  a correction  is  needed. 
This  correction  may  be  introduced  by  an  epicyclic 
train  of  gears  mounted  on  a bracket  so  that  the  line 
of  centers  is  a straight  line,  as  shown  in  Figure  25, 
where  gear  O is  fixed.  Then,  as  the  bracket  is  turned 
around  the  center  of  O as  a pivot,  B rolls  around  O. 
As  B meshes  with  C,  C still  maintains  its  directional 
orientation  even  though  it  is  being  moved  in  space 
around  O.  In  other  words,  when  the  line  of  centers 
OBC  has  been  turned  clockwise  by,  say,  75  degrees 
to  OB'C'y  the  rotation  of  C relative  to  the  line  of 
centers  is  75  degrees  counterclockwise.  Thus,  an  ar- 
row that  pointed  west  at  C still  points  west  at  C', 


and  likewise,  in  any  other  position  around  and 
therefore  completes  one  revolution  around  its  axis 
as  that  axis  makes  one  revolution  around  O. 

Accordingly,  if  a dial  is  fastened  to  C,  as  shown 
in  Figure  26,  its  graduations  always  point  in  the 
same  direction  in  space.  Let  its  zero  be  pointing 
always  to  the  left  (west),  and  let  its  radius  equal  CO^ 
the  length  of  the  line  of  centers.  Then  as  the  assem- 
bly is  carried  around  O,  the  circumference  of  the  dial 
always  contains  O.  Furthermore,  if  a transparent 
shield  whose  edge  is  the  line  DPE  is  pivoted  at  C, 
with  CP  equal  to  CO  and  with  its  edge  therefore 
always  tangent  to  the  dial  circle,  a means  is  avail- 
able for  representing  the  course  to  steer  which  takes 
proper  account  of  the  turning  circle.  Furthermore, 
this  course  is  directly  indicated  on  the  dial  (72  de- 
grees in  this  case  in  order  to  intersect  a target  at  T 
from  an  original  course  of  25  degrees).  This  method 
was  used  in  the  Model  1 AD-B. 

Time  was  indicated  in  the  model  by  another  dial 
instead  of  by  a tape  stretched  around  a template  as 
in  the  original  design.  The  time  dial  is  the  larger 
and  upper  of  the  two  shown  in  Figure  21.  It  is  gradu- 
ated in  seconds  of  time  for  the  attack  speed,  and 
press-fitted  to  the  shaft  on  which  gear  C rotates,  so 
that  this  dial  always  has  its  zero  pointed  along  the 
line  of  centers  toward  the  center  of  gear  O.  The 
tangent  shield  in  this  case  is  designed  to  carry  a 
sliding  scale,  also  graduated  in  time,  in  rack-and- 
pinion  engagement  with  the  time  dial.  Thus,  re- 
gardless of  the  amount  of  rotation  of  the  tangent 
point  from  O,  time  may  still  be  read  directly  from 
O around  the  arc  and  along  the  tangent  scale  to 


Figure  25.  Epicyclic  gear  train,  gear  at  O fixed. 
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ri(;uRF,  26.  Course- to-slcci  dial. 


any  given  poiiu,  1 lie  bearing  dial,  the  size  of  which 
is  no  longer  significant,  is  made  smaller  in  this 
model  in  order  to  bring  the  circular  time  scale  into 
juxtaposition  with  its  continuation  along  the 
straightedge. 

In  actual  antisubmarine  warfare,  of  course,  the 
target  is  moving,  and  it  is  essential  to  know  its  speed 
and  course,  or  at  least  to  estimate  them  as  accu- 
rately as  possible  in  the  first  of  a series  of  approxi- 
mations. One  way  of  doing  this  is  to  maintain  ship’s 
course  long  enough  after  the  initial  discovery  to 
determine  the  target  vector,  \\dien  the  latter  is 
known,  as  in  the  case  already  described,  a time  scale 
graduated  for  target  speed  is  laid  along  its  vector. 
I’he  tangent  rule  is  then  adjusted  in  bearing  until 
a point  is  found  where  the  two  time  scales  match 
numerically,  determining  in  this  way  the  unitpie 
time  and  course  for  collision  with  the  moving  tar- 


get. I'he  plot  is  then  in  effect  an  instantaneous 
geographical  map  of  a projected  attack,  and  although 
this  map  changes  continuously  (since  the  CRO  is  a 
ship-centered  true-bearing  PPI),  if  the  time  scales 
are  adjusted  to  maintain  their  numerical  match,  the 
slope  of  the  tangent  and  the  time  indicated  furnish 
at  every  instant  a true  prediction  for  a collision 
course.  All  that  remains  to  be  done,  then,  is  to  in- 
troduce whatever  time  corrections  are  necessary  to 
provide  lor  such  factors  as  sinking  time,  dead  time, 
distance  from  sound  projector  to  charge  racks,  and, 
in  the  case  of  ahead-thrown  charges,  flight  time. 

Suppose,  for  example,  that  in  the  case  of  an  ahead- 
thrown  attack,  the  charges  fly  a distance  of  250  yd, 
and  sink  vertically,  the  entire  procedure  from  firing 
to  explosion  consuming  15  sec.  The  ship  must,  of 
course,  fire  at  the  instant  when  it  is  250  yd  from 
the  explosion  point,  and  it  must  arrive  at  the  firing 
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point  precisely  15  sec  before  the  submarine  is  to 
arrive  at  the  explosion  point.  During  the  15  sec  from 
firing  to  explosion,  the  ship  travels  about  125  yd 
(at  15  knots),  so  that  if  it  were  to  maintain  course  it 
would  be  125  yd  from  the  explosion  point  at  the 
instant  of  explosion.  The  problem  then  is  to  steer 
a fictitious  point  125  yd  ahead  of  the  ship  for  a 
collision  course  with  the  target,  but  to  fire  15  sec 
before  the  calculated  collision  time  of  this  point 
and  the  target. 

This  may  be  accomplished  by  the  time-scale  match- 
ing process,  if  a 125-yd  lead  is  introduced  in  the 
scale.  Thus,  in  Figure  27,  suppose  a ship  traveling 
on  a course  of  345  degrees  locates  a target  on  bearing 
40  degrees  at  1,000  yd.  When  the  tangent  scale  is 
placed  on  the  echo  spot,  the  bearing  dial  calls  for 
a new  course  of  50  degrees,  and  the  time  to  the  tar- 
get’s present  position  is  read  as  approximately  2 
min  5 sec,  of  which  the  travel  around  the  65  degrees 
of  the  turning  circle  to  will  consume  approxi- 


mately 42  sec.  After  42  sec,  therefore,  the  echo  spot 
for  a target  at  rest  has  traveled  along  the  curved 
portion  of  the  dotted  line  from  T to  Tj,  and  from 
there  on  will  travel  on  the  straight  line  T^O.  Actu- 
ally, however,  the  target  is  moving,  and  instead  of 
being  at  Tj  it  is  observed  to  be  at  T2  at  the  end  of 
42  sec.  Then  T1T2  is  a vector  measure  of  target’s 
motion.  Use  of  the  time-speed-distance  scales  on  the 
maneuvering  board  plot  shows  the  target’s  speed  to 
be  4 knots  in  this  case.  A transparent  scale  is  then 
selected  which  is  graduated  in  time  for  a speed  of 
4 knots,  and  is  laid  along  the  target’s  course  with 
zero  at  T2  or  at  any  other  “now”  position.  Since  it 
is  necessary  to  steer  a point  125  yd  ahead  of  the  ship, 
the  tangent  scale  is  moved  ahead  a distance  corre- 
sponding to  the  time  required  to  travel  125  yd;  i.e., 
approximately  15  sec.  (If  the  tangent  scale  were  in 
permanent  rack-and-pinion  engagement  with  the 
time  dial,  it  would  have  to  have  its  zero  point  at 
the  time  dial’s  15-sec  point.)  Then,  by  adjusting  the 
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angle  of  the  tangent  shield  (the  rack  and  pinion 
maintaining  in  the  meantime  the  15-sec  lead),  a point 
is  found  where  there  is  a numerical  match  between 
the  tangent  scale  and  the  target’s  scale.  In  Figure  27 
this  occurs  at  83  sec,  which  is  the  time  remaining 
until  the  explosion  of  the  charges.  (It  is  only  a coin- 
cidence that  the  15-sec  point  on  the  dial  falls  in  this 
case  close  to  the  point  of  tangency.)  The  course  in- 
dicated by  this  second  approximation  includes  a 
short  additional  arc  of  the  turning  circle  and  a 
straight  run,  which  the  bearing  dial  (not  shown) 
indicates  to  be  on  course  72  degrees.  At  the  expira- 
tion of  83  sec  (i.e.,  at  the  explosion  instant),  the 
ship  will  have  arrived  at  Se,  123  yd  from  the  explo- 
sion. However,  the  instant  of  firing  must  have  been 
15  sec  earlier,  while  the  ship  was  at  Sy,  and  move- 
ment of  the  ship  after  this  instant,  of  course,  has 
no  effect  on  the  attack.  A ship  usually  shifts  course 
sharply  in  order  not  to  lose  sound  contact. 

A similar  solution  is  possible  for  a stern-dropped 
attack,  where  a time  lag  must  be  introduced  instead 
of  a lead.  In  the  case  of  a target  sighted  to  the  left 
of  the  ship’s  course,  additional  scales  (not  shown  in 
Figure  21)  permit  the  device  to  be  reversed  and  used 
in  the  same  way  for  attacking  a target  through  a 
course  change  to  the  left. 

This  attack-predicting  device  was  constructed  as 
a breadboard  model  without  the  rack-and-pinion 
gearing,  and  worked  sufficiently  well  to  demonstrate 
the  soundness  of  the  principles. 

AD-B  Model  II 

Model  II  of  attack  director  B was  built  with  greater 
precision.  In  it  (see  Figure  28)  the  moving  parts  were 
mounted  on  a base  plate  of  Lucite,  so  that  the  whole 
unit  could  be  attached  to  the  QFH  Sangamo  con- 
ning teacher  for  testing. 

The  gears  in  the  gear  train  are  smaller,  enabling 
a larger  range  scale  to  be  used  for  a given  turning 
radius  than  was  possible  on  the  previous  model. 

The  sliding  time  scale  A is  longer  and  is  not  in 
rack-and-pinion  engagement  with  the  time  dial,  but 
with  a separate  (transparent)  gear  B above  the  time 
dial.  This  gear  is  movable  by  means  of  the  knurled 
nut  C to  which  it  is  attached.  The  time  dial  itself, 
as  in  the  earlier  model,  is  always  positioned  with  its 
zero  at  ship’s  position,  indicated  by  the  small  arrow- 
head at  the  center  of  the  plot.  Any  desired  lag  or 
lead  time  may  accordingly  be  introduced  into  the 
calculation  by  turning  C,  which  means  the  sliding 
rack,  until  the  desired  amount  of  mismatching  at 


the  tangent  point  is  obtained.  For  example,  referring 
to  Figure  27,  if  “0”  on  the  rack  is  made  to  coincide 
with  “15”  on  the  fixed  dial,  a 15-sec  lead  has  been 
introduced.  This  mismatch  must  be  introduced  when 
the  tangent  line  is  approximately  on  the  target  and 
at  the  tangent  point  because  the  divisions  of  the  time 
scale  around  the  dial  are  approximately  20  per  cent 
smaller  than  those  on  the  straight  scale,  in  order  to 
allow  for  the  speed  decay  in  a tight  turn.  With  the 
particular  turning  radius  used  in  this  model,  this 
amount  of  speed  decay  from  15  knots  causes  the 
time  scale  divisions  around  the  turning  circle  to  be 
approximately  one  degree  per  second,  so  that  the 
graduations  are  the  same  for  time  and  bearing. 

The  target  scale  D shown  in  Figure  28  is  for  a 
7i/4-knot  submarine  and  indicates  a time  match  with 
the  ship’s  scale  at  2 min  20  sec,  after  a starboard 
turn  by  the  ship.  By  selecting  the  proper  scales  the 
device  is  usable  for  either  port  or  starboard 
maneuvers. 

An  attempt  was  made  to  test  this  model  on  the 
QFH  conning  teacher  but,  since  the  model  must  be 
operated  horizontally,  it  was  necessary  to  tip  the 
conning  teacher  in  order  to  place  its  screen  in  a 
horizontal  rather  than  the  customary  vertical  posi- 
tion. Since  this  procedure  introduced  errors  into  the 
tracking  of  the  conning  teacher  spot,  no  significant 
results  were  obtained. 

AD-B  Model  III 

In  the  two  models  already  described,  the  deter- 
mination of  the  point  of  time  match  was  accom- 
plished by  a visual  and  manual  hunting  procedure. 
The  hunting  may  also  be  done  electromechanically 
if  the  two  sides  of  the  attack  triangle  are  linearly 
wound  resistances,  insulated  from  each  other  and 
fed  by  suitable  currents. 

Referring  to  Figure  22,  if  the  time  for  the  ship  to 
travel  Dg  + -f  OE  must  be  equal  to  the  time  for 
the  submarine  to  travel  TE,  then 

Dg  + D„  + OE  TE 
So  S ’ 

or 

S(Dg  + D,  + OE)  = S,(TE). 

Thus,  if  currents  are  used  that  are  proportional  to 
speeds,  and  resistances  that  are  proportional  to  the 
distances,  voltage  drops  result  which,  when  equal- 
ized, indicate  a solution. 
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Fiouri:28.  Attack  director  H,  Model  II. 
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Figure  29.  Servo-driven,  time-matching  device. 


Figure  29  is  a schematic  for  a device  which  em- 
bodies this  principle  with  the  turning  circle  being 
neglected  for  the  moment.  Two  triangles  are  shown 
because  of  the  need  for  insulating  OE  from  TE. 
The  two  triangular  brackets  would  in  practice  be 
mounted  one  over  the  other,  rather  than  side  by 
side,  their  corresponding  arms  being  positively  con- 
nected so  that  the  two  OT’s,  for  example,  would 
always  move  together.  Thus,  the  geometrical  rela- 
tionships would  be  identical  at  any  instant  for  each 
triangular  bracket.  (Mechanical  links  are  shown  in 
dashed  lines.)  If  resistances  and  S are  made  large 
in  comparison  with  the  other  resistance  strips,  the 
currents  are  only  slightly  influenced  by  changes  in 
OE  and  TE  respectively,  and  close  approximations 
are  obtained  for  the  two  sides  of  the  equation.  If 
these  values  are  balanced  against  each  other  so  that 
their  difference  operates  through  an  amplifier  to 
drive  a correcting  motor,  the  equation  is  quickly 
solved  in  terms  of  the  necessary  angular  relationship 
between  the  arms  of  the  triangle.  In  other  words, 
if  OT  is  set  to  represent  range  (T  would  have  to  be 
movable  toward  O as  range  closes),  and  TT  is  set 
so  that  aspect  angle  A matches  that  observed  on  a 
scanning  sonar  screen,  then  an  electrical  unbalance 
is  set  up  which  operates  to  rotate  OE  around  O until 


Figure  30.  Attack  director  B,  Model  III. 


a balance  is  obtained.  When  this  occurs,  angle  B 
indicates  the  proper  lead  to  take. 

Figure  30  shows  a model  which  was  built  to  test 
the  principle  of  an  electrical  balancing  of  IR  drops 
in  such  a solution.  The  axes  of  shafts  O and  T corre- 
spond to  points  O and  T in  Figure  29  (present  posi- 
tions of  own  ship  and  target).  The  distance  from 
O to  T (range)  is  controlled  by  the  rack-and-pinion 
setting.  The  rack  assembly,  which  carries  shaft  O, 
is  driven  back  and  forth  by  the  pinion,  and  range 
is  indicated  on  scale  R by  a pointer.  It  will  be  seen 
that  a resistance  strip  D and  a brass  contact  rod  C 
are  secured  in  a bracket  F and  thus  may  be  swung 
simultaneously  around  pivot  point  O,  making  slid- 
ing contact  respectively  with  a brass  contact  rod  B 
and  a resistance  strip  A.  B and  A are  connected  to- 
gether mechanically  in  such  a way  that  they  move 
as  a unit,  rotating  around  the  pivot  point  T when 
moved  by  handle  H.  The  points  of  contact  in  this 
particular  setting  of  the  strips  are  at  E^  and  E^  The 
distance  the  submarine  must  travel  is  thus  repre- 
sented by  the  distance  along  the  top  resistance  strip 
from  T to  Et;  the  distance  the  ship  must  travel  is 
represented  by  the  distance  along  the  bottom  strip 
to  Eo,  plus  whatever  additional  resistance  is  necessary 
to  simulate  Dg  + Dp.  This  latter  is  hand-set  on  a 
separate  resistance.  (Calibrating  resistances  are  also 
provided  to  enable  proper  zero  settings  to  be  intro- 
duced for  each  resistance  strip,  so  that  the  resistance 
at  any  point  along  the  strip  is  proportional  to  the 
exact  distance  of  the  point  from  the  pivot  axis.) 
Meters  were  provided  so  that  the  currents  coidd  be 
made  proportional  to  the  speeds,  and  an  oscilloscope 
was  used  to  show  the  balance  point  by  a null  indica- 
tion. The  test  circuit  is  shown  in  Figure  31. 


Figure  31.  Test  circuit  for  Model  III. 
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In  operation,  then,  the  upper  resistance  strip  and 
therefore  the  integrally  connected  contact  rod  un- 
derneath it  are  set  by  handle  H (Figure  10),  to  the 
target  aspect  angle  as  observed  on  a scanning  screen 
giving  a geographic  plot  of  ship  and  target  move- 
ment. The  dial  G shows  the  target  aspect  angle 
set  to  72  degrees.  The  range,  in  this  instance  1,400 
yd,  is  also  set  in.  Then  bracket  F is  moved  back  and 
forth  until  the  null  indicator  shows  the  point  of 
balance,  the  correct  lead  angle  being  immediately 
readable  on  dial  L.  (Pointer  is  obscured  in  this  case 
by  the  range-set  knob.) 

8.9.2  Application  of  Time-Match  Principle 
to  Relative  Bearing  PPI 

Since  a relative  bearing  plot  is  frequently  used 
(with  a movable  ring  to  indicate  true  bearing),  the 
theory  was  worked  out  for  applying  the  time-match 
principle  to  a relative  plot.  This  was  done  before 
the  development  of  the  electric  model  of  AD-B 
(AD-B  III).  On  a relative  plot,  the  appearance  of 
target  motion  is  radically  different  from  what  it  is 
on  a true  plot,  if  the  ship  changes  direction. 

The  curve  followed  on  the  relative  PPI  by  a tar- 
get at  rest,  as  an  attacking  vessel  executes  a turn, 
is  an  arc  of  a circle  which  has  its  center  at  a point 
directly  to  the  right  or  to  the  left  of  the  center  of 
the  PPI  by  a distance  representing  the  radius  of  the 
attacking  ship’s  turning  circle.  A family  of  these 
paths  is  shown  in  the  upper  part  of  Figure  32.  The 
radii  of  the  successive  circles  differ  by  an  amount 
which  might  conveniently  represent  the  distance 
traveled  in  10  sec  by  a 15-knot  destroyer.  An  addi- 
tional set  of  lines  is  drawn  tangent  to  the  inner  circle 
to  represent  10-degree  intervals  along  the  arc,  with 
reference  to  course  changes  of  the  attacking  ship. 
If  this  pattern  were  engraved  on  a shield  of  trans- 
parent plastic  placed  over  the  CRO  of  a scanning 
sonar  screen,  a target  at  rest  would  appear  against 
the  background  of  the  pattern  to  move  along  one  of 
the  arcs,  crossing  the  10-degree  lines  at  a rate  de- 
pending on  the  turning  rate  of  the  attacking  ship.  If, 
however,  the  target  were  moving,  the  component  of 
its  motion  along  the  (final)  line  of  sight  would  appear 
as  an  inward  or  outward  motion  with  respect  to 
the  arcs;  that  is,  it  would  move  from  one  arc  toward 
the  adjacent  one.  This  motion  is,  of  course,  combined 
with  the  motion  of  the  spot  along  the  arc  which  is 
due  to  the  turning  of  the  attacking  ship,  so  that 
the  total  motion  is  diagonally  across  the  spaces 


bounded  by  the  arcs  and  the  tangent  lines.  The 
component  transverse  to  the  final  line  of  sight  ap- 
pears as  a change  of  the  angular  rate,  but  also  pro- 
duces some  inward  or  outward  motion  with  respect 
to  the  arcs.  Comparison  of  the  rate  at  which  the 
target  spot  appears  to  move  across  the  tangent  lines 
with  own-ship’s  angular  rate  obtained  from  a gyro- 
compass repeater  would  permit  evaluation  of  this 
component.  Thus,  with  the  aid  of  the  distorted 
polar  plot  shown  in  Figure  32,  it  should  be  possible 
to  estimate  target  motion  in  spite  of  the  execution 
of  a turn  by  the  attacking  ship.  It  should  be  noted 
that  the  drawing  of  this  figure  is  based  on  perfectly 
circular  motion  during  a turn;  an  analogous  dia- 
gram, however,  could  be  based  on  the  true  path 
of  the  attacking  vessel  in  question.  The  lower  part 
of  the  diagram  is  a simple  Cartesian  plot  which 
would  be  useful  in  estimating  target  motion  when 
the  ship  is  traveling  in  a straight  course.  For  this 
purpose  the  pattern  would  be  rotated  180  degrees, 
assuming  that  the  target  is  normally  discovered  in 
the  forward  half  of  the  PPI. 

Figure  33  shows  a breadboard  model  of  an  attack 
aid  for  use  on  a relative  plot  PPI  which  utilizes  the 
principle  of  the  curved  paths  of  Figure  32,  in  con- 
junction with  the  principle  of  time  matching. 

In  this  case,  assume  the  attacking  ship  O makes  a 
contact  T on  relative  bearing  50  degrees  and  is  im- 
mediately given  full  right  rudder.  Suppose,  further, 
that  the  range  is  1,000  yd  at  the  instant  when  the 
ship  goes  into  its  turning  arc,  and  also  that  the  turn- 
ing arc  is  a part  of  a true  circle.  Then  the  target 
spot  describes  the  arc  TP  as  the  ship  turns  toward 
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Figure  33.  Attack  aid  for  relative  bearing  PPL 


the  target,  if  the  target  is  not  moving  in  the  water. 
As  before,  this  arc  is  a portion  of  a circle  whose  cen- 
ter C is  distant  from  O by  an  amount  ecjiiivalent  to 
the  radius  of  the  turning  circle.  This  arc  may  easily 
be  determined  by  the  device  shown.  Point  P (the 
center  pin  of  the  disk  D)  is  first  placed  on  the  target 
spot  T,  by  swinging  arm  A around  C and  sliding  the 
di.sk  bracket  along  arm  A.  Then  if  arm  A is  swung 
back  again,  point  P traverses  the  target  spot  arc. 
Furthermore,  the  known  speed  and  turning  radius 
of  own  ship  determines  the  position  of  the  target 
spot  at  any  instant  after  the  initiation  of  the  turn. 
The  target  spot  is  observed  as  it  traverses  the  arc, 
and  as  soon  as  po.ssible  its  approximate  vector  is 


determined  by  noting  where  it  actually  is  located 
in  relation  to  the  point  on  the  arc  where,  at  a cer- 
tain instant,  it  would  be  if  the  target  were  not  mov- 
ing in  the  water.  When  the  target’s  vector  is  known, 
its  speed  is  determined  and  the  particular  time  scale 
is  selected  from  the  set  on  the  disk  which  corre- 
sponds best  to  the  speed.  The  disk  (with  its  center 
at  the  j)oint  where  the  target  spot  would  be  at  a 
certain  instant  if  the  target  were  at  rest)  is  then  ro- 
tated on  pin  P in  order  to  position  the  proper  scale 
to  point  in  the  direction  of  the  vector.  Movement  of 
the  arm  as  a whole  then  transfers  this  vector  direction 
along  the  arc  to  future  j^ositions.  It  then  becomes  a 
problem  of  matching  time  on  this  scale  with  time 
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as  indicated  on  ship’s  scale  (dead  ahead).  In  Figure 
33,  a match  M is  indicated  at  165  sec  on  the  6-knot 
target  scale  against  a ship  scale  based  on  15  knots. 
This  establishes  PE  as  the  apparent  course  along 
which  to  bring  in  the  target  spot,  where  E is  the 
explosion  point. 

It  is  evident  that  this  device  is  merely  a mechani- 
cal vector  solver.  If  the  ship  could  come  out  of  its 
turn  to  a straight  course  instantaneously  and  did  so 
on  the  true  bearing  it  had  at  the  instant  the  target 
spot  arrived  at  F,  it  would  be  necessary  only  to  main- 
tain the  same  true  bearing  and  to  fire  at  the  proper 
instant,  taking  account  of  time  of  flight  and  sinking. 
Actually,  of  course,  the  helmsman  must  ease  the  ship 
out  of  its  turn.  Even  so,  he  will  have  an  optical  aid 
if  he  watches  the  plot  and  tries  to  bring  the  target 
spot  in  along  line  PE.  To  help  in  this  respect,  an 
elastic  spring  or  other  cursor  might  be  stretched  be- 
tween P and  E. 

8 10  RECOMMENDATIONS  FOR 
FUTURE  WORK 

The  principal  disadvantages  of  such  devices  as 
have  been  described  are  to  be  found  not  so  much  in 
the  principle  nor  in  the  devices  themselves,  but  in 
the  difficulty  of  locating  accurately  the  target’s  suc- 
cessive positions  on  a CRO  screen.  On  a true-bearing 
scanning  PPI,  for  example,  by  the  time  own-ship’s 
movement  is  taken  out  of  the  total  relative  move- 
ment, the  target’s  vector  is  but  a short  line  of  the 
same  order  of  length  as  the  individual  arcs  constitut- 
ing the  echo  image  on  the  screen.  Since  geographic 
plots  are  much  better,  attempts  were  made  to  test 
AD-B  Model  III  by  means  of  a geographic  plot  on  a 
General  Electric  antisubmarine  attack  plotter 
[ASAP]  which  had  been  modified  to  portray  a scan- 
ning spiral  whose  center  moved  with  own-ship’s  mo- 
tion. Electronic  difficulties,  however,  prevented  an 
accurate  calibration  of  the  movement  of  the  target 
spot  in  range  and  bearing  to  match  that  of  the  San- 
gamo  QFA-5  attack  teacher  which  was  generating 
the  problem.  Thus,  the  test  was  only  partially  satis- 
factory although  it  demonstrated  the  real  value  of  a 
geographic  plot  presentation  of  the  data,  where  the 
observed  motion  of  the  spot  on  a long-persistence 
CRO  gives  an  immediate,  visible  representation  of 
its  vector. 

Even  in  the  case  of  a geographic  plot,  however,  at 
the  present  stage  of  the  scanning  art  the  accuracy 
with  which  target  aspect  and  course  can  be  deter- 


mined is  none  too  great,  because  of  the  relatively 
large  size  of  the  echo  spots  and  their  shifts  in  position 
due  to  refraction  effects  in  the  water  and  electronic 
instabilities.  Optical  enlargement  of  the  scanning 
image  would  probably  not  improve  the  situation  suf- 
hciently  to  justify  its  use.  It  would  be  advisable, 
therefore,  to  test  the  accuracy  of  AD-B  and  its  modi- 
fications by  the  use  of  a standard  (nonscanning) 
ASAP,  fitted  with  some  kind  of  cursor  to  transmit 
target  aspect  (angle  A).  In  the  standard  ASAP,  there 
is  little  ambiguity  in  the  interpretation  of  target 
motion  once  the  target  has  been  discovered.  It  should 
be  emphasized  that  the  attack  directors  described 
herein,  although  developed  specifically  for  scanning 
procedures,  may  be  used  with  searchlight  systems 
with  equal  or  even  better  results,  if  sufficient  infor- 
mation can  be  provided  to  the  director. 

With  respect  to  AD-B  Model  III,  its  full  electrifi- 
cation would  include  a method  of  continuous  re- 
ception of  range  and  target  angle,  preferably  under 
servo  control,  and  a resulting  continuously  servoed 
correction  and  indication  of  course  to  steer.  For 
greater  accuracy,  the  turning  circle  correction  could 
also  be  included.  This  last  would  necessitate  an 
initial  resistance  in  the  form  of  an  arc  (see  Figure 
34).  The  arc  would  need  to  be  rotatable  around 
own-ship’s  spot  (under  servoed  ship’s  gyro  control) 
in  a manner  similar  to  that  in  which  the  dial  assem- 
bly of  AD-B  Model  I is  rotatable,  while  a straight 
resistance  strip  which  would  always  be  tangent  to 
the  arc  would  be  held  against  the  arc  resistance  in 
sliding  engagement.  The  total  resistance  of  the  ship’s 
side  of  the  equation  would  then  be  that  along  the 
arc  from  a contact  made  at  O to  the  point  of  tan- 
gency  P,  plus  the  resistance  from  P along  the  straight 
strip  to  the  match  point,  plus  whatever  lead  or  lag 
resistance  was  needed  (supplied  as  before  by  a sepa- 
rate rheostat).  It  is  evident  that  any  desired  speed 
decay  could  be  built  into  the  turning  arc  resistance, 
and  also  that  it  would  be  possible  to  use  an  eccen- 
tric arc  to  copy  more  closely  the  actual  ship  motion. 

Referring  again  to  Figure  34A,  OT  would  be 
maintained  proportional  to  range  by  moving  the  lead 
screw  automatically  by  means  of  range  rate  trans- 
mitted from  a chemical  recorder  or  other  device. 
Angle  A would  be  maintained  equal  to  the  difference 
between  true  target  course  and  true  target  bearing, 
through  the  use  of  some  type  of  cursor  protractor 
over  the  face  of  the  ASAP  together  with  the  appro- 
priate synchro  inputs  and  necessary  servo  links.  The 
calculating  resistances  would  be  continuously  fed 
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Figure  31.  Attack  course  on  electromechanical  model, 
before  and  after  traversing  turning  arc. 


with  currents  proportional  to  the  speeds.  Wdien  these 
conditions  are  met  and  the  electrical  unbalance  is 
used  to  servo  PE  to  a balance  point,  the  geometry 
of  the  correct  course  is  continuously  pictured.  To 
secure  a continuous  dial  indication  of  the  course  to 
steer  in  true  bearing,  it  is  only  necessary  to  combine 
properly  in  a DG  synchro  the  angle  OCP  and  the 
ship’s  gyro.  When  ship  attains  the  correct  course, 
()  and  P correspond,  and  angle  OCP  becomes  zero. 


I’he  problem  pictured  in  Figure  34 A shows  a 99- 
degree  arc  of  the  turning  circle  to  be  necessary  to 
attain  the  attack  course.  In  Figure  34B,  the  situa- 
tion is  shown  at  the  completion  of  the  turning  arc. 

The  diagram  is  shown  relative  to  the  line  of  sight, 
which  would  be  the  fixed  base  line  of  the  device. 
4'hus,  the  orientation  of  the  attack  course  on  the 
paper  has  changed,  although  it  is  still  the  same  in 
true  bearing.)  14ie  course  has  shortened,  the  range 
is  slightly  less,  angle  A has  increased,  and  angle  OCP 
is  zero.  If  the  initial  conditions  do  not  change,  the 
same  true  bearing  course  is  indicated  as  the  run  is 
continued,  even  though  angle  A changes  as  the  bear- 
ings swing  aft  for  a depth-charge  attack. 

CONCLUSIONS 

1 he  simple  devices  which  have  been  described 
solve  the  attack  course  problem  but  leave  much  to 
be  desired.  In  the  case  of  the  earlier  models,  their 
use  requires  a constant  manipulation  or  reading  of 
several  scales,  the  operation  of  a stop  watch,  and 
other  adjustments.  All  the  models,  including  a com- 
pletely electromechanical  one,  would  be  limited  by 
the  operator’s  difficulty  in  determining  target  move- 
ment on  a PPI  screen,  as  has  been  mentioned. 

On  the  other  hand,  such  devices  have  at  least  two 
definite  advantages.  First,  they  are  simple  but  at 
the  same  time  free  from  the  fault  of  triangulation 
schemes  which  give  solutions  based  on  unreliable 
single  observations;  for,  when  a CRO  with  a per- 
sistent screen  is  used,  the  original  determinations 
of  the  target’s  position  are  visual  averages  of  several 
positions.  Second,  such  devices  furnish  a visual  pre- 
sentation of  the  geometry  of  the  projected  attack. 
It  is  suggested  that  these  advantages  might  make 
AD-B  useful  in  a training  program,  where  the  prob- 
lem is  so  often  to  make  clear  to  students  the  tactical 
geometry  involved. 
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AUTOMATIC  CONTROLS 


Thi:  servomechanism  is  an  accurate,  automatic 
control  system,  which  is  extremely  valuable 
wherever  close  regulation  of  the  position  of  a device 
or  the  state  of  a process  is  required.  By  the  end  of 
1943,  this  type  of  system  was  becoming  so  widely 
employed  in  the  projects  of  the  Harvard  Underwater 
Sound  Laboratory  that  it  was  decided  to  conduct  a 
general  investigation  of  low-power  servo  motors  and 
their  control  amplifiers  in  order  to  provide  flexible 
equipment  for  general  usage  in  the  laboratory  pro- 
gram. 

Accordingly,  performance  tests  were  carried  out 
on  a group  of  fractional-horsepower  motors  and  an 
evaluation  was  made  of  their  usefulness  in  servo 
applications.  After  a tentative  classification  of  con- 
trol amplifiers  had  been  drawn  uj)  on  the  basis  of 
their  rated  characteristics,  several  preferred  types 
were  constructed  and  tested.  Finally,  different  motor- 
amplifier  combinations  were  studied  to  determine 
their  suitability  for  various  types  of  projects.  To  fa- 
cilitate reference  and  interpretation,  the  results  ob- 
tained were  presented  in  tables  and  graphs  wherever 
possible. 

The  investigation  showed  that  several  specific 
types  of  motor  (obtainable  commercially)  are  fitted 
for  servo  use,  and  simple,  reliable  control  ampli- 
fiers, having  widespread  applicability  in  servomech- 
anisms, can  be  designed  and  constructed.  Moreover, 
it  was  found,  from  the  few  cases  where  it  was  em- 
ployed, that  the  quantity  known  as  the  complex 
transfer  function  provides  a very  powerful  tool  for 
servomechanism  analysis. 

The  results  of  these  studies  have  proved  valuable 
in  the  design  of  automatic  control  systems  for  sev- 
eral types  of  problems.  In  view  of  the  probable  in- 
crease in  the  use  of  small  servomechanisms  for  fire- 
control  and  similar  equipment,  it  is  recommended 
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Figure  1.  Block  diagram  of  servomechanism. 


that  further  studies  be  undertaken  to  provide  in- 
struments for  the  experimental  determination  of 
complex  transfer  functions  so  that  the  design  of 
high  quality  servo  systems  will  be  facilitated. 

9 1 GENERAL  CONSIDERATIONS 

A servomechanism  consists  essentially  of  a servo 
motor  and  its  load,  a control  system  for  the  servo 
motor,  and  a feedback  link  (see  Figure  1).  The  com- 
bination is  so  arranged  that  deviation  from  the 
desired  condition  of  the  load  activates  the  motor 
control  system  and  the  resulting  operation  of  the 
motor  immediately  tends  to  remove  the  deviation. 
Stability,  good  transient  response  (small  overshoot), 
speed,  and  adequate  output  power  are  the  funda- 
mental requisites  of  a good  servomechanism.  To  ob- 
tain them  in  a given  case,  well-designed  components 
must  be  carefully  matched,  both  with  each  other  and 
with  the  specified  load.'^ 

The  present  investigation  covered  low-power  in- 
strument or  fire-control  servomechanisms  of  the  all- 
electric, continuous-control  type.  Such  systems  con- 
tain a fractional-horsepower  electric  motor,  a vac- 
uum-tube amplifier  controlling  the  motor,  and  a 
means  of  obtaining  an  electrical  error  signal.  They 
have  a very  closely  regulating  corrective  action  which 
is  initiated  by  any  load  deviation,  no  matter  how 
small,  in  contrast  with  the  behavior  of  on-off  control 
systems,  which  start  correction  only  after  finite  de- 
viation has  occurred. 

Since  the  choice  of  a motor  suited  to  the  specified 
load  is  the  primary  step  in  assembling  a servomech- 
anism, the  results  of  the  motor  investigation  are 
presented  first,  in  the  section  immediately  following. 
Subsequent  sections  deal  with  control  amplifiers, 
which  can  be  selected  in  a given  case  only  after 
specific  motor  requirements  are  known. 

92  SERVO  MOTOR  PROPERTIES 

The  motors  studied  in  these  tests  were  wound  for 
2-phase,  60-c  service.  All  the  rotors  except  two  were 

a For  a complete  treatment  of  theory  and  design,  the  reader 
is  referred  to  the  reports  of  work  done  by  Division  7 of 
NDRC. 
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Figure  2.  Spcctl-vt)Itage  and  torque-voltage  curves  for  Figure  3.  Speed-tonpie  curves  for  servomotor, 

servo  motor. 


of  the  squirrel  cage  type.  The  exceptions  were  alum- 
inum “drag-cup”  or  “spinner”  rotors.  From  the  avail- 
able data  it  appears  probable  that  the  squirrel  cage 
construction  is  preferable  at  (iO  c.  In  addition  to 
j)roviding  high  torcpie,  it  has  the  potential  advan- 
tage that  motor  inductance  can  be  designed  to  vary 
with  the  slip  of  the  rotor. 

Test  conditions  were  chosen  to  approximate  nor- 
mal servo  operation.  The  exciting  phase  (No.  1 wind- 
ing) was  connected  to  the  line  through  capacitors 
so  that  the  voltage  across  the  motor  was  in  (piadra- 
ture  and  so  that  the  current  through  this  phase,  with 
the  other  phase  unexcited,  caused  the  motor  tem- 
perature to  rise  almost  to  rated  value,  d'he  control 
phase  (No.  2 winding)  was  connected  to  a voltage 
source  in  phase  with  the  line  and  of  such  magnitude 
that  about  80%  of  the  maximum  jxxssible  torcpie 
was  produced.  A parallel  capacitor  across  the  No.  2 
W’inding  was  given  a value  such  that  the  current  and 
voltage  of  the  combination  were  in  phase  when  the 
motor  was  stalled.  Since  motor  characteristics  vary 
when  the  series  capacitor  of  the  exciting  phase  is 
altered  or  the  regulation  of  the  control  voltage  source 
changes,  moderate  deviations  from  the  test  results 
can  be  expected  in  normal  operation. 

The  conventional  criterion  c:)f  merit  is  the  torcpie 
inertia  ratio  T/I.  It  is  a true  criterion  only  when  load 
inertia  is  zero  and  total  displacement  is  s})eciried 
as  a fixed  number  of  revolutions  of  the  motor  shaft. 
I'he  torcpie-scpiared  inertia  ratio  T- j I does  not  suf- 
fer from  these  limitations  and  is  a suitable  perform- 
ance index  since  sjjeed  of  response  in  a well-designed 
servo  is  proportional  to  the  fourth  root  of  this  cpian- 
tity.  Maximum  output  watts  can  be  used  as  a sec- 


ondary guide  to  choose  between  motors  of  similar 
torcpie-scpiared  inertia  ratio.  Two  other  important 
characteristics  arc  the  torcpie  volt-amperes  ratio 
TjVA  (the  motor  stiffness)  which  is  useful  in  decicl-* 
ing  on  the  voltage  amplificatichi  needed,  and  the 
stalled  volt-amperes  product  which  determines  the 
size  of  power  amplifier  recpiired. 

For  general  low-power  applications,  it  was 
found  that  a Diehl  motor  (CDA  211052)  was 
the  best  of  the  group  tested  with  the  54-rpm 
Brown  (M()2SAV  /X1)  a close  second.  I heir  char- 
acteristics, together  with  those  of  two  higher  pow- 
ered motors,  arc  listed  in  Table  1.  Figures  2 and  3 
show  typical  performance  curves  for  a good  motor. 
Additional  information  on  small  servo  motors  can 
be  found  elsewhere. ^ 

93  SERVO  CONTROL  AMPLIFIERS 

There  are  two  major  sections  in  a servo  control 
amplifier:  the  power  output  stage  and  the  voltage 
amplifier  (Figure  1).  I'he  power  output  stage  must 
be  suited  to  the  servo  motor  which  it  drives.  The 
voltage  amj)lirier  must  increase  and,  in  some  cases, 
improve  the  available  error  signal  until  it  is  ade- 
(juate  for  proper  excitation  of  the  output  stage. 

Design  of  the  control  amplifiers  studied  was  based 
on  f)0-c  carrier  frecpiency  operation.  With  this  sys- 
tem, the  error  signals  set  up  by  deviations  appear 
as  amplitude  changes  and  phase  reversals  of  a 60-c 
input  carrier  wave.  The  resulting  amplifier  output 
then  drives  the  servo  motor  at  a rate  and  in  a direc- 
tion corresponding  to  input  amplitude  and  phase, 
respectively. 
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Table  1, 

A.  Measurements  on  servo  motors. 


Rated  values 


Motor 

Voltage 
ph  1/ph  2 

No  load 
speed 
(rpni) 

Stalled  torcpie 
(Newton 
meters) 

Rotor 

lype 

Inertia 
kg  III' 

Test 
voltage 
ph  1/ph  2 

Phasing 
capacitors  (/if) 
ph  1/ph  2 

Brown 

5 1-rpm 
M62SAY/XI 

225/115 

54 

S(jnirrel 

cage 

2.07 

225/115 

225/165 

IS/IP 

Diehl 

CDA-211052 

75/75 

3,200 

0.021 

Squirrel 

cage 

1.50 

70/82.5 

70/110 

95/95 

2S/2P 

2S/2P 

21AS/2P 

Ford 

223085 

65/115 

3,250 

0.085 

Squirrel 

cage 

39.70 

62/115 

75/115 

4S/5P 

5S/5P 

Holtzer- 

Cabot 

RBT-4422 

50/50 

Alnminnm 

cnp 

36.90 

50/50 

• 

12S/12P 

• 

B.  Measurements 

on  serx>o  motors. 

Motor 

Stalled 

Amperes 
ph  1/ph  2 

Torque 

(Newton 

meters) 

1 emp 
rise 

(degrees) 

No  load 
(i-pm) 

Speed 

For  max  output 
(rpm) 

Brown 

0.090/0.022 

0.590 

35 

48 

32 

54  rpm 
M62SAY/  XI 

0.090/0.029 

0.850 

54 

44 

Diehl 

0.089/0.088 

0.017 

24 

3300 

2400 

CDA- 

0.089/0.127 

0.026 

3450 

2380 

211052 

0.115/0.101 

0.027 

42 

3330 

2500 

Ford 

223085 

0.191/0.348 

0.263/0.348 

0.080 

40 

3300 

2100 

Holtzer- 

Cahot 

RBl-4422 

0.600/0.490 

0.101 

47 

3160 

2350 

C.  Measurements  on  senu)  motors. 


Motor 

Max  output 
(watts) 

Criteria 

T2/I 

(watts/sec) 

of  merit 

T/I 

(radians/sec-) 

T/VA 
ph  2 

Stalled 

VA  ph  2 

Brown 

1.4 

170 

9,100 

0.2360 

2.5 

54  rpm 
M62SAY/  XI 

2.1 

373 

13,000 

0.1770 

4.8 

Diehl 

3.0 

192 

11,300 

0.0024 

7.2 

CDA- 

5.5 

450 

17,300 

0.0019 

13.9 

211052 

4.8 

485 

18,000 

0.0028 

9.6 

Ford 

223085 

14.2 

161 

2,000 

0.0020 

40.0 

Holtzer- 

Cabot 

RBT-4422 

19.7 

276 

2,700 

0.0037 

27.5 
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PoMcr  Stage 

Motor  Considerations 

I'here  is  a definite  limit  to  the  amount  of  power 
that  can  be  dissi})ated  by  a given  servo  motor. 

Any  harmonic,  oll-lretpiency,  out-of-phase,  or  di- 
rect currents  sent  into  the  motor  diminish  the 
amount  of  useful  power  that  it  can  handle.  Accord- 
ingly the  amplilier  should  be  designed  to  give  an 
output  as  free  as  possible  from  such  undesirable 
components. 

Amplifier  regulation  may  be  adjusted  to  take  ad- 
vantage of  the  motor’s  ability  to  dissipate  increased 
power  as  its  speed  increases.  Circuits,  components, 
output  tubes,  and  load  impedance  are  all  factors 
which  may  be  changed  to  alter  regulation.  If  de- 
sired, the  load  impedance  can  be  adjusted  to  the 
extent  of  a 20  per  cent  mismatch  with  the  tubes, 
without  appreciable  power  loss.  However,  if  the  im- 
pedance is  made  too  large,  screen  dissipation  is  ex- 
ceeded with  full  input;  if  it  becomes  too  small,  plate 
dissipation  is  exceeded  at  about  half  output.  Regu- 
lation changes  can  also  be  effected  by  alterations  in 
the  network  controlling  the  exciting  phase.  In  gen- 
eral, marked  differences  in  the  performance  curves 
of  a given  motor-amplifier  combination  result  when- 
ever regulation  is  made  to  vary. 

Tube  Considerations 

There  are  six  factors  associated  with  the  power 
tubes  which  impose  restrictions  on  amplifier  output. 
The  first  is  the  maximum  plate  power  that  the  tube 
can  dissipate;  instantaneous  peak  power  delivered 
to  the  load  is  proportional  to  this  quantity.  If  tube 
impedance  could  go  to  zero,  peak  load  power  would 
reach  a value  equal  to  four  times  plate  dissipation. 
I'he  second  restricting  factor  is  the  permissible  plate 
voltage,  and  the  third  is  the  maximum  cathode  emis- 
sion. If  the  product  of  these  is  less  than  the  plate 
dissipation  rating,  they  supplant  the  latter  in  re- 
stricting power  output.  I’he  fourth  factor  is  the 
power  permissible  for  electron  acceleration  within 
the  tube;  ratings  on  screen  dissipation  and  grid 
current  must  not  be  exceeded.  The  power  supply 
is  the  fifth  controlling  factor.  It  is  sometimes  found 
that  a supply  of  normal  size  cannot  furnish  full 
power  to  the  tubes  as  they  are  used  in  these  ampli- 
fiers. 

Finally,  the  circuit  itself  determines  the  extent  to 
which  tube  output  is  utilized.  For  example,  a one- 
tube  stage  with  half-wave  output  delivers  only 


one-quarter  of  the  power  available  from  a two-tube 
circuit  with  full-wave  output.  Provision  of  both  half- 
cycles by  the  second  circuit  allows  each  individual 
tube  to  deliver  twice  as  much  power. 

Choice  of  Tubes  ^ 

After  deciding  on  tube  and  operating  conditions 
to  put  maximum  power  into  the  loatl,  the  choice 
among  specific  tube  types  must  be  made  on  the  basis 
of  efficiency.  Cathode  heater  requirements,  grid  cir- 
cuit driving  power,  screen  power  dissipation,  and 
plate  impedance  must  be  given  consideration. 

In  general,  pentodes  (beam  power  tubes)  are  pref- 
erable to  triodes.  The  smaller  grid  driving  power 
needed  by  the  former  usually  more  than  compensates 
for  their  higher  output  impedance.  Where  two  small 
tubes  can  do  the  work  of  a single  large  one,  the  small 
ones  should  be  chosen  since  some  output  is  obtained 
even  if  one  tube  fails.  However,  the  use  of  pentode 
output  tubes  in  parallel  ordinarily  necessitates  the 
installing  of  parasitic-suppression  resistors. 

Voltage  Amplifier 

The  voltage  amplifying  section  must  be  designed 
with  the  overall  dynamic  range  of  the  complete  am- 
plifier in  mind.  In  general,  this  should  amount  to 
approximately  40  db.  A smaller  range  causes  waste 
of  output  power  at  balance,  and  a larger  one  is  usu- 
ally unnecessary  since  static  friction  is  generally 
greater  than  the  torque  produced  with  very  small 
input  signals.  In  order  of  importance,  the  require- 
ments for  a voltage  amplifier  are:  gain,  stability,  low 
noise  level,  and  proper  phase  response. 

Gain 

Obtaining  sufficient  gain  at  the  60-c  carrier  fre- 
quency is  no  problem.  However  because  of  the  nec- 
essary phase-frequency  characteristic,  any  amplifier 
of  three  or  more  stages  operating  from  a single  power 
supply  with  practical  nonelectrolytic  filtering  tends 
to  motorboat.  Four  class  A stages  in  cascade  seem 
to  be  the  limit.  Two  additional  stages  can  be  cas- 
caded if  they  are  well-balanced  push-pull. 

Stability 

Because  the  carrier  bearing  the  error  signal  from 
a position  servo  has  balanced  modulation,  the  am- 
plifier must  be  stable  for  all  carrier  levels  from  zero 
up  to  perhaps  a hundredfold  overload.  Therefore 
the  use  of  iron-cored  inductors  must  be  held  to  a 
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Figure  4.  Circuit  diagram  of  4-vv  servo  amplifier. 


minimum  because  their  impedance,  and  hence  the 
overall  phase  shift,  varies  with  the  amplitude  of 
the  carrier.  In  practice,  this  limits  the  servo  to  one 
signal-carrying  inductor,  generally  an  output  trans- 
former. With  inductors  and  electrolytic  capacitors 
eliminated,  resistance-coupled  amplifiers  seem  to  be 
sufficiently  stable  if  large  series  grid  resistors  are 
used. 

Noise  Level 

With  at  least  1 volt  rms  on  the  grid,  almost  any 
tube  can  be  used  without  introducing  spurious  sig- 
nal. Most  tubes  designed  for  audio  use  can  be  used 
provided  the  grid  voltage  is  greater  than  10  mv.  The 
6SL7  can  be  used  down  to  1 mv  but  for  less  than 
that  value,  the  6SJ7  or  6J7  must  be  used.  With  rea- 
sonable circuit  isolation  and  shielding,  resistors  may 
be  as  much  as  1 megohm  for  each  10  mv  of  signal 
across  them. 

Phase-Frequency  Relationship 

For  satisfactory  response  to  transients,  the  output 
of  a servo  must  be  proportional  not  only  to  the  in- 
put signal  itself  but  also  to  its  time  derivative.  This 
is  equivalent  to  a requirement  that  the  output  phase 
should  increase  with  frequency  over  the  operating 
range.  The  use  of  bridged-T  networks  or  parallel-T 
notching  filters2  as  coupling  elements  between  am- 
plifier stages  seems  to  be  the  best  way  to  accomplish 
this  (see  Figure  4).  Such  circuits  eliminate  the  carrier 
frequency  and  shift  the  phase  of  the  sidebands  by  a 
suitable  amount  to  give  correspondence  with  the 
derivative  of  the  error  modulation.  The  necessary 
recombination  of  the  carrier  with  this  derivative 
signal  then  occurs  in  the  succeeding  stage. 

In  equipment  for  laboratory  use  or  wherever  it  is 
permissible  to  require  adjustment  of  the  servo  filter 


network  to  the  power  line  frequency,  any  amount 
of  modulation  phase  lead  can  be  incorporated. 
Equipment  for  shipboard  use  is  limited  to  a maxi- 
mum of  about  7 degrees  per  cycle  because  the  equip- 
ment must  operate  satisfactorily  over  a frequency 
range  of  50  to  62  c.  This  amount  of  phase  lead  is 
sufficient  to  stabilize  a servo  system  with  a well-de- 
signed mechanical  system.  Should  the  mechanical 
design  be  such  as  to  require  further  phase  lead, 
either  a d-c  phase-lead  controller  or  a mechanical 
phase-lead  controller^  must  be  used.  In  any  event, 
the  phase-lead  controller  operates  only  over  the  range 
in  which  it  receives  undistorted  signal. 

Amplifier  Ratings 

Several  general  types  of  servo  amplifiers  are  classi- 
fied on  the  basis  of  input  volts  required,  ease  of 
manufacture,  size,  useful  power  output  versus  un- 
usable power  output,  reliability,  maintenance,  per- 
formance, tube  types  needed,  stand-by  power  input, 
and  power  input  for  5-w  power  output.  The  same 
driver  stage,  with  or  without  a phase  inverter  as 


Figure  5.  Preferred  servo  power  amplifiers.  A,  pentode 
power  amplifier  with  anode  supply.  B,  pentode  grid- 
controlled  rectifier  as  power  amplifier.  C,  push-pull  pen- 
tode power  amplifier  with  unfiltered,  rectified  a-c  anode 
supply. 
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* Lowest  number  in  column  indicates  highest  rating, 
t Underlined  scores  indicate  preferred  types. 
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Table  3. 

Relative  merit  of 

various  ] 

power  amplifiers.* 

Output  avail- 

Scores  for  other  outinU  wattaurest 

• 

Tu])e  type 

Circuit 

able  (watts) 

2 w 

15  w 

40  w 

100  w 

I)-C  anode  supply 

Single-sided 

6B4 

Triode 

5 

21 

28 

32 

6V6 

Pentode 

6 

19 

25 

30 

Push-pull 

6V6 

Triode 

7 

24 

28 

31 

6V6 

Pentode 

14 

21 

26 

28 

Grid-controlled  rectifier 

Half-wave 

6B1 

T riode 

5 

19 

25 

33 

6V6 

Pentode 

10 

25 

30 

2050 

Gas  tube 

25 

25 

27 

30 

Full-wave 

6SN7 

Triode 

5 

22 

25 

28 

34 

6V6 

Pentode 

20 

23 

25 

24 

28 

2050 

Gas  tube 

100 

24 

26 

'E 

28 

Unfiltered-reclified  ; 

-c  anode 

~ 

— 

supply 

Push-pull 

6V6 

Pentode 

20 

19 

20 

23 

26 

* Lowest  scores  indicate  highest  ratings;  underlined  scores  indicate  preferred  types. 

t \Vith  the  necessary  alterations  in 

tubes  and 

components. 

necessary,  is  used  for  all  the  amplifier 

s to  test  the 

stages 

are  shown  in 

Figure  5.  The  results  of  this 

l)ower  output  stages.  It  is  found  that  the  best  power 

classification  are  summarized  in  Table  2. 

output  stages 

are:  (1)  a pentode  power  amplifier 

These  various  am 

plifiers 

are  also  evaluated  in 

using  a d-c  anode  supply;  (2) 

a pentode  grid-con- 

terms  of  available  power  output  in  addition  to  the 

trolled  rectifier  as  a power  amplifier;  and  (3)  a push- 

factors  mentioned  above.  The  last  amplifier  of  the 

pull  pentode  amplifier  with  unfiltered,  rectified,  a-c 

three  is  most  satisfactory  for  all  wattages  from  5 to 

anode  supply.  The  circuits  for  these 

three  power 

about 

100  w,  although  for 

the  highest  powers  in 

Fable  4.  Comparison 

of  amplifiers  tried. 

Servo 

Rated 

• 

rating; 

Maximum 

Weight 

Power  consumption 

Max  output 

output 

output 

Volume 

Stand-by 

Max  output 

Stand-by 

Circuit 

(watts) 

(watts) 

(lb) 

(in.3) 

(watts) 

(Avatts) 

input 

Unfiltered 

Push-pull  ABi 

10 

16 

12 

225 

36 

65 

0.44 

rectified 

Push-pull 

40 

40 

15 

380 

52 

135 

0.77 

a-c  supplied  - 

parallel 

to  plates 
of  6V6 

Single-sided 

Class  Ai 

4 

31/2 

10 

156 

29 

33 

0.12 

Raw  a-c 

' Parallel 

6SN7 

2 

2 

8 

165 

28 

29 

0.07 

supplied 
to  plates  of 

6Y6 

5 

6 

8 

190 

53 

54 

0.11 

grid- 

Full-wave 

20 

27 

9 

176 

20 

65 

1.35 

controlled 

6V6 

rectifiers 

Full-wave 

100 

psliimUfs 

) 300 

40 

170 

2.50 

2050 
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DRIVER 


(b)  40  WATT  SERVO  AMPLIFIER  IDENTICAL  EXCEPT 
ADD  2 MORE  6X5  TUBES  IN  PARALLEL  WITH  6X5 
ADD1  MORE  6V6TUBE  IN  PARALLEL  WITH  EACH  6V6 
CHANGE  transformer  TO  TO  T13R15 

I'lGURK  0.  Circuit  diagram  of  lO-w  servo  amplilicr. 


O II5V  AC  60  r\j 
o 

§ 

o 5 


I nil  Center-tap  transformer 
R-I  33,000  ohms 

1^-2  1,500  ohms 

R-3  1,0  megohm 


No  center  tap 
1 .0  megohm 
5,000  ohms 
1 .0  megohm 


Eiourk  7.  Circuit  diagram  of  2-w  servo  am|)liner. 
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Fi(;ure  10.  Servo  using  mechanical  band-elimination  filter. 


this  range,  full-wave  grid-controlled  rectifiers  using 
gas  tubes  are  somewhat  more  suitable.  The  results 
of  this  evaluation  are  shown  in  Table  3. 

The  amplifiers  built  and  tested  included  (1)  a 10-w 
amplifier  with  unfiltered  rectified  a-c  anode  supply 
(Figure  6);  (2)  a 40-w  amplifier  similar  to  the  10-w, 
except  for  larger  power  amplifier  components  to 
handle  the  greater  output  power;  (3)  a 4-w  ampli- 
fier using  unfiltered  rectified  a-c  anode  supply  (Fig- 
ure 4);  (4)  a small  2-w  amplifier  (Figure  7);  (5)  a 5-w 
amplifier  using  a pair  of  pentodes  in  a grid-controlled 
rectifier  circuit  (Figure  8),  similar  in  this  respect  to 
the  2-w  amplifier,  and  (6)  a 20-w  amplifier  using  a 
full-wave  grid-controlled  rectifier  circuit  which 
proved  more  efficient  than  the  others  in  the  use  of 
circuit  components  to  produce  a given  amount  of 
output  power  (Figure  9).  It  will  be  noted  from  the 


diagram  for  (6)  that  V-1  and  V-3  operate  alternately 
to  give  full-wave  output  when  the  input  signal  is  in 
one  phase,  and  that  V-2  and  V-4  join  in  supplying 
output  when  the  input  phase  reverses.  This  circuit 
is  noteworthy  also  both  because  it  cannot  motorboat 
and  because  the  amount  of  phase  lead  which  can 
be  incorporated  is  not  restricted  by  variations  in 
power  supply  frequency.  A 100-w  amplifier  was  de- 
signed similar  to  (6),  making  use  of  thyratrons,  but 
it  was  not  built  because  a suitable  phase  controller 
was  not  designed  for  it.  A summary  of  the  data  on 
these  amplifiers  is  given  in  Table  4. 

Satisfactory  operation  usually  can  be  secured  from 
any  of  these  amplifiers  provided  that  its  power  out- 
put is  sufficient  for  the  motor  which  it  drives.  Where 
peak  performance  is  required,  however,  it  may  prove 
desirable  to  use  an  oversized  amplifier  but,  in  such 
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cases,  due  care  nuist  be  exercised  to  avoid  overheating 
the  motor,  \\1iere  large  values  of  phase  lead  arc 
required,  special  consideration  should  l)e  given  to 
the  20-w  amplifier  (6).  A mechanical  band-elimina- 
tion filter  used  as  in  Figure  lO  may  sometimes  I)e 
found  necessary,  if  suiricient  phase  lead  cannot  Ije 
incorporated  in  an  amplifier. 

Figures  1 1 and  1 2 show  the  operation  of  the  Diehl 
motor  combined  with  several  different  amplifiers. 
The  high  quality  of  the  motor  is  clearly  reflected  in 
the  excellent  characteristics  of  the  performance 
curves  shown. 

94  DETECTION  AND  MODULATION 

The  60-c  carrier  servos  which  have  been  descril)ed 
can  also  be  used  when  the  error  signal  is  a modu- 
lated carrier  of  different  frc(juency.  In  such  cases,  a 
detector-differencer  circuit  (sometimes  called  a sense- 
detecting rectifier)  can  be  used  in  combination  with 
a modulator  circuit  to  provide  the  retpiired  fiO-c 


amplifier  inj)ut.  Figure  1 3 shows  an  arrangement  of 
this  type  as  incorporated  in  the  l)ortable  polar  chart 
recorder  [PPCR].  A “derivative  control”  circuit, 
which  eliminates  the  need  for  “phase-lead  controller” 
networks  in  the  following-amplifier,  is  added  to  this 
detector-modulator  combination. 

In  operation,  an  error  signal  in  the  form  of  a 
modulated  supersonic  carrier  is  applied  to  the  detec- 
tor-diflerencer  input.  The  rectified  output  is  then 
compared  with  a standard  d-c  voltage  from  the 
power  supply.  The  voltage  difference  thus  obtained 
varies  in  magnitude  and  polarity  in  accordance  with 
the  amount  of  rectifier  output. 

I'his  voltage  difference  is  then  apjdied  to  the  grid 
of  one  tube  (V-107A)  of  the  modulator  circuit.  The 
grid  of  the  second  tube  (V-107B)  of  the  modulator 
may  be  considered  for  the  moment  to  be  at  ground 
potential,  so  that  it  draws  a steady  current,  making 
constant  the  amount  of  60-c  signal  that  appears  on 
its  plate.  When  the  voltage  from  the  clifferencer  is 
zero,  the  first  tube  conducts  the  same  amount  of 
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Figure  12.  Speed-torque  curves  for  motor-amplifier  comhiuatious.  Diehl  CDA  211052, 
against  torque  for  1 15-v,  fiO-c  supply  voltage;  motor  connected  as  shown;  signal  voltages’ 


60-c,  70- V,  3,200-rpm  motor;  speed 
as  shown  on  each  curve. 


current  as  the  second  tube,  so  that  the  combined 
output  of  the  two  tubes  contains  no  60-c  com- 
ponent. When  the  difference  voltage  is  other  than 
zero,  the  first  tube  conducts  more  (or  less)  current 
than  the  second,  and  there  is  a 60-c  component  in 


the  output  whose  phase  depends  on  the  sign  of  the 
difference  voltage.  This  modulator  output  furnishes 
the  driving  voltage  for  the  following-motor  control- 
amplifier. 

In  the  derivative  control  circuit  the  differencer 
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output  is  applied  to  the  grid  of  a tube  (V-lOb)  which 
acts  as  an  amplifier  for  the  low  frequencies  from  the 
rectifier,  that  is,  the  modulation  frequencies  on  the 
signal.  Associated  with  this  amplifier  are  resistor- 
capacitor  combinations  arranged  so  that  the  output 
signal  from  the  circuit  is  shifted  in  phase  approxi- 
mately 90  degrees  from  the  rectifier  signal.  The  out- 
put from  this  derivative  circuit  is  then  approximately 
the  derivative  of  the  input  signal  to  the  circuit.  1 his 
output  signal  is  applied  to  the  second  tube  (V-107B) 


of  the  modulator,  so  that  the  output  of  the  modulator 
varies  with  the  derivative  of  the  difference  voltage 
as  well  as  with  the  difference  voltage  itself. 

With  the  PPCR  modulator  a certain  amount  of 
120-c  hum  caused  by  tube  distortion  is  present  in 
the  output  at  all  times.  Figure  14  shows  the  dia- 
gram of  an  improved  modulator  which  completely 
eliminates  this  120-c  output.  In  operation,  the  chang- 
ing d-c  input  signals  cause  a varying  60-c  a-c  voltage 
at  A,  while  an  unvarying  a-c  comparison  voltage 
appears  at  E.  The  tap  at  D is  so  adjusted  that  the 
instantaneous  voltage  at  C is  equal  and  opposite  to 
the  voltage  at  E.  Therefore  the  voltage  at  B,  which 
is  the  sum  of  the  voltages  at  A and  C,  equals  the 
difference  between  the  voltages  at  A and  E.  Because 
of  the  exactness  of  the  phase  inversion  which  occurs, 
complete  cancellation  of  120-c  hum  is  obtained. 

95  CONCLUSION  AND 

RECOMMENDATION 

The  information  secured  in  the  studies  of  these 
different  motors,  amplifiers,  and  combinations  has 
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Figure  15.  Transfer  function  for  servo  amplifier  and  load. 
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270 

angle: 


Figure  16.  Transfer  function  for  servo  system  with  simple  load. 


proved  very  valuable  in  designing  suitable  servo- 
mechanisms for  several  projects.  Application  to  spe- 
cific problems  always  requires  certain  adjustments 
of  the  circuits  because  of  the  inevitable  variation 
from  one  problem  to  another  of  the  mechanical  load 
on  the  servo.  The  specific  changes  in  the  circuits 
involve  primarily  the  amount  of  derivative  control 
compared  with  the  amount  of  amplitude  control 
required  to  make  the  servo  operate  stably,  with 
the  proper  speed  and  overshoot  values.  A suitable 
overall  criterion  of  the  stability  of  the  servo  system 
is  its  transfer  function,  that  is,  the  ratio  of  the  out- 
put from  the  servo  to  the  input  to  the  servo.  Such  a 
transfer  function  is  shown  in  Figure  15  for  the  cir- 
cuit shown  in  block  diagram  form  in  Figure  10, 
together  with  the  computed  function  using  meas- 
ured, and  in  part  estimated,  values  of  the  various 
electrical  and  mechanical  constants  of  the  system. 
The  transfer  function  for  another  servomechanism 


which  made  use  of  the  same  amplifier  as  the  unit 
shown  in  Figure  10,  but  which  had  a simple  load, 
is  shown  in  Figure  16.  It  is  to  be  noted  that  both 
of  these  functions  indicate  stable  operation,  since 
the  curve  does  not  enclose  the  point  ( — 1 + jO). 
It  is  known  that  a system  is  unstable  if  the  transfer 
function  curve  does  enclose  that  point. 

In  the  cases  in  which  it  was  used,  the  transfer  func- 
tion proved  itself  extremely  useful  in  servomecha- 
nism analysis.  A device  for  measuring  the  transfer 
function  of  the  modulation  in  carrier  frequency 
systems  has  already  been  suggested.^  The  use  of 
small  servos  for  fire  control  and  similar  equipment 
will  probably  increase.  It  is  recommended,  there- 
fore, that  this  device,  together  with  other  instru- 
ments for  experimental  determination  of  transfer 
functions,  be  investigated  and  developed  in  the 
interest  of  obtaining  high  quality  servomechanism 
performance. 
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Synchro  System  Test  Unit 


The  synchro  system  test  unit  [.SWTt/],  a device  for 
determining  the  dynamic  accuracy  of  synchro  sys- 
tems,  is  used  for  factory  synchro  inspection  tests  and 
for  study  of  synchro  performance  on  shipboard.  The 
instrument  includes  an  amplifier,  a power  supply, 


and  an  indicator  section  made  up  of  synchros,  a 
motor,  and  a 7-in.  cathode-ray  oscilloscope.  Dynamic 
inaccuracy  of  a system  is  indicated  on  the  cathode- 
ray  oscilloscope  screen.  The  unit  was  developed  by 
CUDWli-NLL. 


Figure  17.  Indicator  unit;  amplifier  and  power  supply. 
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INPUT  IIOVAC  6.3V  AC 


Figure  19.  Wiring  diagram  of  amplifier. 


Description 


Method  of  Operation 


At  the  time  of  this  development,  no  simple  device 
was  available  for  determining  the  dynamic  accuracy 
of  synchros  and  synchro  systems.  As  this  information 
is  useful  in  evaluating  the  performance  of  synchro 
systems  on  board  ships,  equipment  was  constructed 
capable  of  performing  this  function.  The  SSTU 
consists  of  two  separate  parts,  one  containing  the 
amplifier  and  power  supply,  and  the  other  contain- 
ing the  indicator  unit,  as  shown  in  Figure  17. 

The  indicator  unit,  shown  in  Figure  18,  contains 
a 5G  synchro,  a 5CT  synchro,  a 7-in.  cathode-ray 
tube,  and  a motor  and  mechanical  drive  to  swing 
the  cathode-ray  spot  through  a 90-degree  arc  on  the 
cathode-ray  screen.  This  spot  is  deflected  from  the 
center  of  the  screen  by  a biasing  magnet.  The  two 
synchros  are  mechanically  interlocked  through  anti- 
backlash gears  and  are  connected  to  the  motor 
through  a mechanical  differential  so  that  they  have 
an  oscillatory  motion  corresponding  with  the  spot 
on  the  CRO  screen.  There  is  also  a hand  wheel  for 
manually  rotating  the  synchros  through  the  mechan- 
ical differential.  This  enables  the  test  to  include  all 
synchro  positions  through  360  degrees.  The  wiring 
diagrams  of  the  amplifier  and  power  supply  are  given 
in  Figures  19  and  20. 


A synchro  to  be  tested  for  dynamic  accuracy  is 
connected  as  a follower  to  the  synchro  generator  in 
the  indicator  unit  (see  Figure  21).  It  then  oscillates 
in  keeping  with  the  motion  of  the  generator.  Any 
rotational  lag  shows  up  as  a radial  displacement 
of  the  cathode-ray  tube  spot  from  its  normal  arc  of 
oscillation.  This  radial  displacement  is  away  from 


56  5ct 

SYNCHRO  SYNCHRO 

GENERATOR  CONTROL  TRANSFORMER 


o 55V* 
o 

° ROTOR 

o 

o 

SECONDARY 


♦magnitude  of  output  is  PROPORTIONAL 
TO  SINE  OF  ANGLE  OF  ROTATION  OF 
GENERATOR  MOTOR 


Figure  21.  Synchro  generator  and  control  transformer 
connections. 
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EifiijRr.  20.  Wiring  diagram  ol  powcM  supply. 
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the  center  of  the  tube  for  one-half  of  the  cycle  and 
toward  the  center  for  the  return  half.  The  result  is 
a bounded  area  corresponding  in  size  to  the  dynamic 
inaccuracy  of  the  synchro  being  tested.  This  occurs 
since  any  angular  difference  between  the  driver  and 
driven  synchros  is  picked  uj^,  amplified  by  the  am- 
plifier, and  used  to  actuate  the  moving  coil  whose 
action  is  reflected  on  the  cathode-ray  screen. 


Performance 

Tests  of  the  SSTU  gave  results  which  showed  the 
arrangement  was  basically  sound  but  further  me- 
chanical refinement  was  desirable  for  the  most  satis- 
factory performance.  However,  because  of  a lack  of 
interest  in  the  device  and  pressure  of  other  work, 
the  project  was  terminated  without  practical  appli- 
cation. 
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Antisiibmarme  Scatter  Bomb 

The  antisubmarine  scatter  bomb  is  a cluster  of 
tree  he  small  projectiles  that  can  be  launched  from  a 
standard  airplane  bomb  rack.  The  projectiles  scatter 
into  an  elliptical  pattern,  arm  auto?natically,  and 
either  fire  on  impact,  or  disarm.  The  Armour  Re- 
search Foundation,  Division  S,  and  Division  3 partici- 
pated in  this  development. 


INTRODUCTION 

PRIOR  TO  THE  DEVELOPMENT  of  tlic  aiuisubmarinc 
scatter  bomb,  successful  antisubmarine  bomb- 
ing depended  upon  pin-point  accuracy.  To  bring 
about  detonation  of  an  airborne  projectile  sifffi- 
ciently  close  to  a submarine  to  have  a lethal  effect, 
accuracy  had  to  be  maintained  both  in  and  across 
the  line  of  flight.  In  addition,  accuracy  also  had  to 
be  maintained  in  the  vertical  direction  so  that  de- 
tonation would  occur  within  lethal  range  whether 
the  target  was  surfaced  or  submerged,  dlie  scatter 
bomb  was  developed  to  simplify  the  air  crew’s  task 
in  relation  to  all  these  considerations. 

The  first  requirement  was  a design  for  a cluster 
of  bombs  with  a charge  to  scatter  them  in  a circular 
pattern  in  the  air  without  detonating  them.  This 
end  was  achieved  by  strapping  twelve  bombs  in 
groups  of  four  around  a central  column  containing 
scatter  charges,  as  shown  in  Figure  1.  Detonation  of 
the  scatter  charges  had  to  be  timed  so  that  it  would 
not  endanger  the  releasing  aircraft  yet  would  scat- 
ter the  bombs  well  in  advance  of  their  hitting  the 
water.  This  was  accomplished  by  electrically  con- 
necting the  scatter  charge  and  also  the  blasting  caps 
on  the  bomb-retaining  bands  to  a charged  condenser, 
with  a delay  system  to  time  the  bursting  of  the  clus- 
ter 1 sec  after  release. 

There  was  a further  problem  in  that  the  individual 
bombs  were  to  detonate  only  upon  contact  with  a 
submarine  whether  surfaced  or  submerged.  One  so- 
lution was  a system  of  electric  contactors  or  horns 
on  the  nose  of  each  bomb,  strong  enough  to  resist 
crushing  on  water  entry,  but  designed  to  detonate 


Figure  1.  Antisubmarine  scatter  bomb. 

the  bomb  when  crushed  against  the  target.  The 
bombs  used  in  this  version  incorporated  the  Munroe 
effect,  or  shaped-charge  principle.  A second  solution 
was  the  use  of  larger  individual  bombs  with  standard 
Mark  HO  fuzes  which  were  armed  on  contact  with 
the  water.  In  this  version,  the  shaped-charge  prin- 
ciple was  not  used. 

Following  successful  tests,  the  bomb  cluster  with 
the  bomb  and  scatter  mechanism  described  in  this 
summary  was  j)ut  in  production  and  effectively  used 
in  antisubmarine  warfare. 


10.2  NATURE  OF  THE  PROBLEM 

The  main  problem  was  to  work  out  a means  of 
scattering  a cluster  of  bombs  in  air  in  a more  or 
less  controllable  pattern  without  detonating  them. 
1 his  involved  considerations  of  mechanical  design, 
both  for  the  individual  bombs  and  for  the  cluster 
as  a whole;  the  nature,  quantity,  and  placing  of  the 
scatter  charges;  and  a means  of  shearing  the  retain- 
ing straps  around  the  bombs,  if  such  were  to  be 
used,  at  the  moment  of  bursting.  A device  which 
could  be  accurately  timed  for  firing  the  scatter 
charges  and  blasting  caps  was  also  recpiired.  Finally, 
a bomb  detonation  mechanism  was  needed  which 
would  detonate  the  bomb  only  upon  contact  with 
a submarine  whether  surfaced  or  submerged.  This 
made  it  necessary  to  determine  the  maximum  water 
entry  velocity  permissible  during  an  attack  on  sub- 
merged targets  in  order  to  avoid  detonating  the 
bombs  on  the  water  surface.  To  insure  keeping  the 
water  entry  velocity  below  the  permissible  maxi- 
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1.0  MEG  a 30  MEG  RE- 
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Figure  2.  Cross  section  of  indiviciual  bomb. 


CONFIDENTIAL 


ANTISUBMARINE  SCATTER  BOMB 


191 


mum,  aircraft  altitude  and  speed  limits  for  attack- 
ing submerged  targets  also  had  to  be  determined. 

10.3  TECHNICAL  DEVELOPMENT 
Individual  Bombs 

The  type  of  individual  bomb  used  in  the  first  ver- 
sion of  the  cluster  is  a small,  shaped-charge  projec- 
tile with  a H.E.  load  of  12i/^  lb  of  Cyclotal  (60-10 
TNT-RDX),  which  is  detonated  from  the  tail  end 
by  an  electrically  energized  detonating  cap  and  tetryl 
booster  (see  Figure  2).  The  front  end  of  the  H.E. 
charge  is  shaped  by  a steel  cone  with  a %,j-in.  wall 
thickness  and  45-degree  included  angle.  In  an  early 
experimental  construction  a steel  conduit  for  wiring 
was  run  through  the  bomb  center,  but  it  was  found 
that  this  materially  reduced  the  jet  effect  of  ♦the 
shaped  charge.  In  the  final  model,  therefore,  the  con- 
duit runs  through  the  cone  and  charge  near  the 
bomb  periphery. 

Although  these  bombs  are  somewhat  smaller  than 
the  airborne  antisubmarine  ordnance  previously  in 
general  use,  the  action  of  the  shaped  charge  (Munroe 
effect),  together  with  the  contact-firing  fuze,  effec- 


tively offsets  their  smaller  size.  The  shaped  charge 
produces  a jet  through  the  nose  of  the  bomb  capable 
of  penetrating  8 in.  of  armor  plate.  In  addition,  a 
considerable  mining  or  general  blast  effect  is  pro- 
duced. 

ScAiTER  Mechanism  and  Pattern 

The  individual  bombs  are  strapped  to  the  cluster 
frame  in  three  groups  of  four  bombs  each,  with  90- 
degree  angular  relation  between  the  four  bombs  of 
each  group,  and  30-degree  angular  relation  between 
the  three  groups.  1 hus  there  is  a 30-degree  angular 
separation  of  bombs  along  the  entire  cluster. 

Figure  3 shows  a section  through  the  center  of 
gravity  of  a four-bomb  group,  with  the  scatter  charge 
in  the  central  column  or  spreading  gun  on  which  the 
arbors  holding  the  individual  bombs  are  mounted. 
One  second  after  release  from  an  aircraft,  the  spread- 
ing charges  and  blasting  caps  (attached  to  the  bomb- 
retaining  bands)  are  simultaneously  fired  by  being 
electrically  connected  to  a charged  condenser  in  the 
cluster  frame.  In  each  four-bomb  group,  the  retain- 
ing band  is  sheared  by  the  blasting  cap,  and  the 
spreading  charge  pushes  the  arbors  and  bombs  radi- 
ally outward  at  a velocity  of  19  fps.  Because  of  the 
symmetry  of  construction,  there  is  no  net  force  act- 
ing on  the  frame. 

Figure  4 illustrates  the  trajectories  of  one  four- 
bomb  group.  In  the  actual  cluster  there  are  three  such 
groups  of  bombs  having  a 30-degree  angular  relation 
between  groups.  The  other  two  groups  of  bombs, 
not  shown  in  the  figure,  fall  in  between  those  shown 
and  produce  an  elliptical  pattern  of  12  bombs. 


FuaiRF.  1.  Theoretical  trajectory  of  foiir-boiiil)  group. 
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The  width  of  the  elliptical  pattern  obtained  is 
determined  solely  by  the  altitude  of  the  aircraft;  the 
pattern  length  is  controlled  by  both  altitude  and 
speed.  The  scatter  bomb  is  designed  to  be  dropped 
from  aircraft  in  level  flight  at  altitudes  of  from  100 
to  500  ft  and  at  speeds  up  to  approximately  240 
knots.  The  pattern  sizes  for  various  altitudes  and 
speeds  are  shown  in  Figure  5.  For  surfaced  targets, 
the  plane  altitude  should  be  at  least  100  ft  to  insure 
adequate  time  for  arming  of  the  individual  bombs. 
For  submerged  targets,  drops  from  less  than  100  ft 
may  be  made,  but  the  pattern  width  will  be  small. 

When  attacking  submerged  targets,  the  cluster 
should  be  droj^ped  from  altitudes  and  at  aircraft 
speeds  which  produce  a water  entry  velocity  of  less 
than  450  fps  in  order  to  avoid  detonating  the  bombs 
on  the  water  surface.  Since  water  entry  without  det- 
onation is  not  required  for  attacks  on  surfaced  tar- 
gets, these  drops  may  be  made  at  greater  speeds  and 
altitudes. 

If  the  aircraft  is  “drifting”  (misaligned  with  its 
direction  of  flight),  the  cluster  axis  is  also  out  of 
horizontal  alignment  with  its  trajectory.  This  dis- 
torts the  pattern  in  such  a way  that  its  width  is 
reduced.  The  width  is  then  proportional  to  the 
cosine  of  the  angle  between  the  trajectory  and  the 
cluster  axis.  If  for  any  reason  the  cluster  is  tilted 
nose  up  at  the  instant  it  bursts,  the  pattern  is  short- 
ened. If  it  is  tilted  nose  down,  the  pattern  length  is 
increased  for  slight  tilt  but  is  decreased  for  extreme 
tilt. 

Timing  Delay  System 

The  delay  system  to  time  the  bursting  of  the  clus- 
ter 1 sec  after  release  is  positive  in  its  action.  Slightly 
more  than  i/^  sec  of  delay  is  provided  by  4^  ft 
of  slack  in  the  arming  cord,  so  that  no  electric  func- 
tions are  initiated  until  the  cluster  has  fallen  ii/, 
ft.  The  remainder  of  the  1-sec  delay  is  provided  by 


delay  squibs  which  operate  electric  switches  to  close 
the  cluster-bursting  circuit.  As  shown  in  the  sche- 
matic wiring  diagram  in  Figure  6,  the  d.p.s.t  switch 
is  closed  by  the  pull-out  cord  when  the  cord  becomes 
taut.  14iis  connects  the  aircraft’s  24-v  battery, 
through  the  cord,  to  two  4/ 10-sec  delay  squibs.  As 
each  scjuib  fires,  it  closes  one  of  the  squib-operated 
switches.  When  both  squib-operated  switches  are 
dosed,  the  band  shearing  caps  and  the  spreading 
charges  are  fired  by  current  drawn  from  the  charged 
7-/xf  condenser. 

If  the  probability  of  a squib’s  firing  without  delay 
is  1 in  12,000,  the  probability  of  a premature  cluster 
burst  from  this  cause  with  the  double-squib  switch 
(both  squibs  instantaneous)  would  be  only  1 in 
144,000,000,  since  the  two  squibs  independently  op- 
erate two  switches,  both  of  which  must  be  closed  to 
complete  the  cluster-bursting  circuit. 
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Arming  For  Aitack 

In  order  to  arm  the  cluster  for  attack,  the  switch 
ill  the  line  connecting  the  aircraft’s  21-v  battery  to 
the  cluster  must  be  closed  for  at  least  2 min  before 
the  cluster  is  dropped,  and  the  switch  must  remain 
closed  as  the  cluster  is  dropped.  The  2-min  period 
is  recpiired  to  allow  the  power  pack  within  the  clus- 
ter to  warm  up.  I'his  power  pack  is  similar  to  the 
vibrator  B sujiply  in  automobile  radios. 

Regardless  of  the  position  of  the  24-v  switch,  a 
safe  or  “dud ’’  drop  results  if  the  aircraft’s  standard 
arming  control  is  in  the  “safe”  position  when  the 
cluster  is  dropped,  because  the  pull-out  cord  pulls 
clear  of  the  shackle  without  operating  the  internal 
switches  of  the  cluster.  'Fhis  is  accomplished  by  the 
use  of  a shear  wire  in  the  fitting  through  which  the 
pull-out  cord  enters  the  upper  tube  of  the  cluster. 

If  the  24-v  switch  has  been  off  for  15  sec  or  longer 
when  the  cluster  is  released,  the  result  is  a safe  or 
“dud”  drop  regardless  of  the  position  of  the  air- 
craft’s standard  arming  control,  because  the  power 
pack  condensers  within  the  cluster  are  discharged 
to  less  than  minimum  operating  voltage.  When  a 
safe  drop  is  desired,  either  or  both  of  the  above 
methods  may  be  used.  The  24-v  liattery  may  be 
connected  to  the  cluster  numerous  times  or  left 
connected  for  long  periods  without  harmful  effect. 

Horn  Condenser  Fuze 

The  electric  circuit  for  the  individual  bomb  fuzes 
in  the  condenser-fuzed  cluster  is  shown  in  Figure  (), 
and  the  position  of  the  fuze  in  the  bomb  appears 
in  Figure  2. 

When  the  fuze  slider  is  in  the  position  shown  in 
Figure  2,  the  booster  and  H.E.  load  cannot  be 
detonated  by  firing  the  detonating  cap.  If  the  slider 
is  moved  to  the  right,  aligning  the  tetryl  leads,  an 
explosion  of  the  detonating  cap  would  detonate  the 
tetryl  leads,  booster,  and  H.E.  load.  I’he  slider 
is  normally  restrained  in  the  safe  position  by  a 
shear  wire. 

In  actual  operation  the  explosion  of  the  9/ 10- 
sec  delay  squib  parts  the  shear  wire  and  moves  the 
slider  to  the  armed  position.  The  slider  strikes  the 
bomb-tail  wall  with  sufficient  energy  to  swage  the 
end  of  the  slider  so  that  it  cannot  bounce  back. 
This  movement  of  the  slider  aligns  the  tetryl  leads 
for  detonation  and  also  accomplishes  an  electric 
switching  function.  The  bomb  is  still  not  fully  armed 
when  the  slider  is  moved  over,  however,  since  at 
that  instant  there  is  not  sufficient  energy  stored  in 


condenser  C-2  (Figure  G)  to  be  capable  of  firing 
the  detonating  cap. 

When  the  cluster  is  released  from  the  plane,  all 
switches  arc  in  the  positions  shown  in  Figure  6;  the 
28-  and  l-jxi  condensers  arc  cliargcd  to  500  v direct 
current;  and  the  3-/xf  condenser  sections  (C-1  and 
C-2)  in  the  fuzes  have  no  charge.  When  the  cluster 
has  fallen  4^/^  ft,  the  pull-out  cord  becomes  taut, 
operating  the  d.p.s.t.  switch.  This  energizes  the  4/10- 
scc  delay  stjuibs  for  the  cluster-bursting  circuit,  as 
previously  described,  and  also  applies  the  aircraft 
battery  to  the  individual  bomb  tail  wires.  If  any 
bomb  horn  has  been  shorted  in  shipment  or  han- 
dling, the  electrical  fuse  associated  with  it  is  burned 
out  by  the  aircraft  battery  at  this  time,  thus  dis- 
connecting such  pre-shorted  horns  from  the  circuit 
and  leaving  the  bomb  still  operable  with  the  re- 
maining uncrushed  horns. 

After  the  cluster  has  fallen  another  4 in.,  the 
pull-out  cord  operates  the  d.p.d.t.  switch.  This  trans- 
fers the  bomb  tail  wires  from  the  24-v  aircraft  bat- 
tery to  the  charged  28-;if  condenser,  which  sends  a 
surge  of  current  through  the  9/ 10-sec  delay  squib, 
its  associated  electrical  fuse,  and  the  3-^f  condenser 
C-1,  charging  C-1  to  approximately  220  v,  burning 
out  the  electrical  fuse,  and  igniting  the  9/10-scc 
delay  squib.  (The  24-v  battery  previously  applied 
to  this  circuit  provides  much  too  small  a surge  to 
ignite  the  squib.)  Burning  out  the  electrical  fuse 
associated  with  the  9/10-sec  delay  squib  isolates  C-1 
from  the  external  bomb  tail  wires,  so  that  the  charge 
of  C-1  is  not  lost  through  these  wires  when  im- 
mersed in  sea  water. 

I he  charge  on  C-1  causes  a current  through  the 
1 -megohm  resistor,  charging  C-2.  In  1^  sec  from 
the  time  that  operation  of  the  d.p.d.t.  switch  charges 
C-1,  C-2  accumulates  sufficient  charge  to  be  capable 
of  firing  the  SSS  detonating  cap  if  the  circuit  through 
this  cap  is  then  closed  by  the  crushing  of  one  or 
more  horns.  While  this  transfer  of  charge  from  C-1 
to  C-2  is  in  progress,  the  9/10-sec  delay  squib  fires, 
moving  the  slider  as  previously  described. 

Movement  of  the  slider  operates  the  arming 
switch  of  the  fuze,  transferring  the  horns  from  the 
bomb  tail  wires  to  the  SSS  detonating  cap.  If  a 
horn  is  crushed  after  operation  of  the  d.p.s.t.  switch 
and  before  C-2  has  accumulated  enough  charge  to 
be  capable  of  firing  the  SSS  detonating  cap,  the 
bomb  becomes  a dud,  because  continuous  leakage 
through  the  SSS  cap  discharges  C-2  without  raising 
the  cap  filament  to  the  detonating  temperature.  If 
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Figure  7.  Individual  Mark  140  fuzed  bomb. 
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clifTcrences  such  as  in  the  arming  device,  the  angu- 
lar relation  of  the  bombs  to  one  another  is  un- 
changed. I'he  electric  energy  required  for  firing  the 
spreading  charges  and  band-shearing  caps  is  sup- 
plied from  batteries  (two  2-v  wet  cells  for  use  in  all 
temperature  ranges,  or  four  ly^-v  dry  cells  for  use 
in  temperatures  above  freezing)  contained  within 
the  cluster  frame.  Figure  8 is  a wiring  diagram  of 
the  Mark  1 10  fuzed  cluster  as  finally  designed. 


Fh.I'rk  8.  Wiling  diagram  Mark  I 10  fiiml  cluster. 

a horn  is  crushed  after  C-2  has  accumulated  suffi- 
cient charge,  the  bomb  detonates.  If  the  bomb  misses 
the  target,  the  charge  on  C-2  slowly  leaks  off  through 
the  30-megohm  resistor,  so  that  after  2^  min  the 
bomb  becomes  electrically  disarmed. 

Detonation  is  extremely  rapid  in  this  bomb,  oc- 
curring approximately  0.0002  sec  after  the  electric 
circuit  is  established  by  crushing  a horn.  This  pre- 
vents appreciable  distortion  of  the  bomb  against  the 
target  before  detonation.  Such  distortion  would  re- 
duce the  effectiveness  of  the  shaped  charge. 

H ydrostatic-F uzed  Cluster 

Because  early  tests  of  the  condenser-fuzed  cluster 
frequently  resulted  in  premature  detonations  (later 
found  to  be  due  to  high-voltage  insulation  failure), 
a second  version  of  the  weapon  was  concurrently 
designed  to  obviate  this  difficulty. 

In  this  design  the  horn-condenser  type  of  fuze 
is  replaced  by  a standard  hydrostatic  (Mark  1 10) 
fuze.  The  individual  bombs,  shown  in  Figure  7,  are 
“general  blast”  projectiles  somewhat  larger  than 
those  of  the  condenser-fuzed  cluster.  Fhey  incorpo- 
rate .some  of  the  features  of  the  previous  design  such 
as  the  tail  assembly  and  drawn  steel  body,  but  they 
do  not  include  the  shaped  charge. 

Since  this  weapon  is  designed  to  be  dropped  from 
type  K airships  in  level  flight  under  conditions  iden- 
tical with  those  specified  for  the  condenser-fuzed 
cluster,  its  scatter  mechanism  and  pattern  are  es- 
sentially the  .same  as  in  the  earlier  version.  Although 
the  framework  is  of  slightly  different  design  to  ac- 
commodate the  larger  bombs  and  there  are  minor 


•04  PERFORMANCE  AND  CONCLUSIONS 

When  manufactured  in  strict  accordance  with  the 
blueprints  developed  for  the  purpose,  the  horn- 
condenser-fuzed  cluster  has  performed  satisfactorily 
in  operational  tests.  ^Vhen  manufacturing  errors 
are  made,  however,  it  is  possible  that  the  individual 
bombs  may  become  armed  even  though  the  cluster 
has  failed  to  .scatter.  When  such  a cluster  strikes 
the  water,  the  bombs  may  be  broken  loose  from 
the  frame,  crushing  one  or  more  bomb  horns  in  the 
process.  This  would  result  in  a surface  detonation 
dangerous  to  low-flying  aircraft.  It  is  suggested  that 
experiments  be  conducted  in  which  aircraft  flying 
at  standard  attack  elevation  and  speed  would  drop 
clusters  as  duds  into  water  10  to  20  ft  deep  with 
a .sand  bottom.  The  clusters  could  then  be  recov- 
ered and  investigated  for  failure  of  the  bomb-re- 
taining bands  and  for  crushing  of  bomb  horns.  If 
it  is  found  that  surface  detonations  could  occur,  the 
bomb-arming  circuits  should  be  redesigned  so  that 
the  electric  arming  surge  would  be  delivered  to  the 
bombs  only  after  the  spreading  charges  had  fired. 
The  nece.s.sary  redesign  would  be  fairly  extensive 
and  would  retjuire  a considerable  amount  of  testing. 

In  the  case  of  the  Mark  140  fuzed  cluster,  a pro- 
duction design  has  been  achieved  which  could  be 
put  to  service  u.se.  .Since  this  cluster  does  not  arm 
until  it  enters  the  water,  there  is  no  danger  of 
premature  detonation.  From  time  to  time,  as  new 
types  of  batteries  become  available,  their  applica- 
tion to  this  cluster  might  profitably  be  considered. 

The  scatter  principle  also  .should  be  irseful  in  the 
design  of  other  weajmns,  particularly  antipersonnel 
and  incendiary  bombs. 
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Scatter  Charge  for  Surface  Vessels 

The  scatter  charge  was  designed  to  permit  surface 
vessels  to  attain  greater  effectiveness  in  placing  depth 
charges.  It  consists  of  a cluster  of  six  Mark  10  depth 
charges  surrounding  and  bound  to  a bursting  unit 
assembly.  It  is  held  by  a nose  stop  and  stabilizer  plate 
in  a modified  Mark  7 depth-charge  arbor  and  pro- 
jected from  a ship's  modifed  K gun.  The  bursting 
unit  assembly  contains  a charge  which  is  fired  me- 
chanically, approximately  0.4  sec  after  the  cluster 
leaxjes  the  K gun,  dispersing  the  projectiles  ivithoul 
detonating  them  or  damaging  their  fuzes.  Nine  grams 
of  20  M /M  smokeless  powder  is  used  for  this  bursting 
charge.  The  charges  fall  on  the  water  surface  in  a 
circular  pattern  approximately  130  ft  in  diameter 
and  centered  about  50  yd  from  the  K gun.  Although 
Division  6 was  not  responsible  for  the  design  of  the 
Mark  10  depth  charges,  work  on  the  scatter  mecha- 
nism was  done  by  the  division  at  CUDWR-NLL. 

105  INTRODUCTION 

The  development  of  the  scatter  charge  for  sur- 
face vessels  parallels  the  development  of  the  anti- 
submarine scatter  bomb  for  aircraft.  As  in  the  case 
of  the  scatter  bomb,  the  idea  was  to  eliminate  the 
need  for  absolute  accuracy  in  placing  a depth  charge 
so  as  to  hit  a submarine.  It  was  thought  that  a group 
of  depth  charges  fired  from  a single  gun  but  dis- 
persed in  a circle  would  greatly  increase  the  prob- 
ability of  striking  the  target.  This  requirement  was 
met  by  binding  six  Mark  10  depth  charges  around 
a bursting  unit,  and  modifying  the  standard  Mark  7 
depth-charge  arbor  and  K gun  so  that  the  cluster 
could  be  projected  from  them.  The  firing  mecha- 
nism provided  was  equipped  with  a delay  squib  to 
insure  that  the  bursting  unit  would  be  fired  ap- 
proximately 4/10  sec  after  the  cluster  left  the  K 
gun. 

Tests  of  the  cluster  as  finally  designed  showed 
that  the  six  depth  charges  strike  the  water  surface 
spaced  about  the  edge  of  an  essentially  circular  pat- 
tern of  the  required  size.  Following  sea  tests  the 
scatter  charge  was  put  in  production  and  effectively 
used  in  antisubmarine  warfare. 

10.6  NATURE  OF  THE  PROBLEM 

The  core  of  the  problem  was  to  devise  a means 
of  projecting  a cluster  of  six  Mark  10  depth  charges 


Figure  9.  Scatter  charge  for  surface  vessels. 


from  a ship’s  K gun  so  that  the  water  surface  pat- 
tern of  the  projectiles  would  be  a circle  60  ft  or 
more  in  diameter  with  a space  of  30  ft  or  more 
between  projectiles  and  the  center  of  the  pattern 
50  yd  from  the  base  of  the  K gun.  (Later  the  pat- 
tern requirement  was  increased  to  an  optimum  di- 
ameter of  120  ft  with  a minimum  allowable  diame- 
ter of  80  ft.)  7\)  this  end  various  mechanical  de- 
signs for  the  cluster,  with  appropriate  modifications 
of  the  arbor  and  K gun  to  hold  them,  had  to  be 
evolved  and  tested.  A bursting  unit  had  to  be  de- 
vised to  disperse  the  projectiles  in  mid-air  with- 
out detonating  them  or  damaging  their  fuzes.  A 
firing  mechanism  for  the  bursting  unit  was  needed, 
with  a delay  system  to  insure  that  the  cluster  would 
burst  at  an  appropriate  time  after  leaving  the  K 
gun,  and  with  safety  features  to  prevent  premature 
firing.  Finally,  the  various  factors  governing  the 
size  and  shape  of  the  water  surface  pattern  of  the 
projectiles  had  to  be  determined  and  brought  under 
control  in  order  to  secure  the  pattern  required. 

10.7  TECHNICAL  DEVELOPMENT 

Mechanical  Design 

In  the  first  scatter-charge  designs  tested,  the  six 
Mark  10  depth  charges  were  mounted  on  a cylindri- 
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Figi'RF.  10.  Bui-stinjj;  unit  assembly  with  mechanical  firing 
device. 


cal  central  core  the  same  length  as  the  projectiles. 
Later  designs  incorporated  a shorter  cylindrical  core, 
as  shown  in  Figure  10.  Fhis  core  contains  the  burst- 
ing charge  and  its  firing  mechanism,  six  dispersing 
pistons  associated  with  the  arbors  on  which  the  pro- 
jectiles are  mounted,  and  a shear  piston  which,  at 
the  moment  of  firing,  operates  the  shear  blade  in 
the  flat  extension  of  the  core,  thus  cutting  the  bind- 
ing strap  around  the  projectiles  (see  Figure  11). 

Pattern  Charach  eristics 

In  the  early  stages  of  the  development,  exj)eri- 
ments  were  conducted  to  determine  whether  clus- 
ters of  sidewise-thrown  projectiles  or  clusters  of  for- 
ward-thrown projectiles  would  produce  the  best  pat- 
tern. 

Studies  of  slow  motion  pictures  of  tests  showed 
that,  although  the  air  flight  characteristics  of  the 
sidewise-ihrown  cluster  (see  Figure  12)  before  burst- 
ing, and  of  the  individual  projectiles  after  disper- 
sion, were  eccentric,  the  water  surface  pattern  was 
a reasonably  regular  circle,  varying  from  30  to  80 
ft  in  diameter  on  different  tests.  Fhe  K-gun  arbor, 
although  released  from  the  cluster,  followed  it  closely 
in  flight.  At  times  this  resulted  in  interference  at 
dispersal,  since  the  |>rojectiles  adjacent  to  the  arbor 
struck  it,  and  their  normal  trajectory  was  disturl^ed 
although  all  j)rojectiles  entered  the  water  nose  down 
f)r  nearly  so. 

In  an  attemj)t  to  secure  a more  regular  flight  of 
the  projectiles  and  tf)  eliminate  arbor  interference, 
a new  arbf)r  was  designed  to  project  the  cluster  from 
the  K gun  with  the  projectiles  nose  first.  Tests  using 
this  new  arbor  produced  regular  flight  but  an  ellip- 
tical pattern  which  was  no  larger  than  that  secured 


with  the  sidewise-thrown  cluster.  A time  delay  of 
2/10  sec  in  the  bursting  charge  was  used  with  the 
idea  that  the  projectile  separations  would  be  greater 
if  given  more  time  to  spread.  Idiis  was  not  the  case. 
Fhe  use  of  heavier  bursting  charges,  up  to  33  g (the 
capacity  of  the  cartridge  chamber),  likewise  pro- 
duced no  better  results.  When  the  dispersal  force 
was  applied  4 in.  above  the  center  of  gravity  of 


f 

I 


X 


‘4,  • 
■ A 


Ficuri-.  12.  Sidcu’ise-t brown  scatter  charge  bursting  (1  t-g 
l)iirsting  charge,  0..5-sec  delay  electrically  ignited  detonat- 
ing s(|uib,  inertia-operated  safety  switch,  No.  3 K-gun 
impulse  charge). 
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Figure  13.  Diagram  of  mechanical  firing  device. 


the  projectiles,  the  air  flight  characteristics  of  the 
projectiles  were  destroyed  and  the  pattern  size  was 
not  increased. 

From  the  slow  motion  pictures^  made  of  these 
and  other  tests,  and  from  plots  made  of  each  charge 
fired,  it  was  determined  that  the  factors  governing 
the  size  and  shape  of  the  pattern  are  (1)  the  amount 
of  powder  used  in  the  bursting  charge,  (2)  the  effi- 
ciency of  the  gas  seals  in  the  bursting  unit,  and  (3) 
the  position  of  the  cluster  in  the  air  at  the  instant 
of  bursting. 

Nine  grams  of  20  M/M  smokeless  powder  is  used 
for  the  bursting  charge.  A cartridge  of  all  plastic 


a Moving  pictures  of  all  tests  are  on  file  at  the  U.  S.  Navy 
Underwater  Sound  Laboratory,  New  London. 


material  was  tested  without  success.  Loss  of  the  ga: 
seal  provided  by  the  metal  cartridge  base  resultec 
in  small  ground  patterns,  even  with  large  increase; 
in  the  weights  of  the  bursting  charges.  The  cartridgt 
finally  adopted  is  a standard  Mark  IV  Hedgehog 
cartridge  base  into  which  is  cemented  a plastic  pow 
der  container.  This  cartridge  is  inserted  in  the  scat 
ter  charge  when  the  K gun  is  readied  for  action 

It  has  been  found  that  the  cluster  should  burst 
about  0.35  to  0.4  sec  after  the  charge  leaves  the  K 
gun.  Use  of  a percussion  squib  of  this  time  dela) 
in  the  bursting  charge  and  a standard  No.  1 (12^ 
oz)  impulse  charge  in  the  K gun  has  resulted  in  the 
center  of  the  pattern  falling  approximately  50  yd 
from  the  base  of  the  K gun. 

It  has  been  found  that  the  placement  of  the  cluster 
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in  the  K*gun  Mark  7 arbor  tray  materially  affects 
the  orientation  of  the  cluster  in  flight.  If  the  pro- 
jectile noses  are  placed  about  3 in.  above  the  lower 
lip  of  the  tray  (which  brings  the  center  of  gravity 
of  the  cluster  directly  on  the  axis  of  the  K-gun 
barrel  and  the  arbor  stem),  the  nose  of  the  cluster 
tends  to  rise  in  flight,  resulting  in  bursting  when 
the  cluster  is  approaching  the  horizontal  position 
with  respect  to  the  water.  Dropping  the  nose  end 
of  the  cluster  to  the  lower  lip  of  the  tray  results 
in  a flight  such  that  the  bursting  takes  place  with 
the  bombs  nose  down  in  the  most  favorable  position 
for  water  entry.  I'his  slight  displacement  of  the 
center  of  gravity  caused  neither  damage  nor  appar- 
ent strain  on  the  Mark  7 arbor  of  the  K gun. 

Tests  of  the  effect  of  the  setback  forces  on  the 
Mark  140  fuzes  in  the  individual  Mark  10  projec- 
tiles indicate  that  no  damage  results  to  the  fuze 
when  used  in  the  scatter  charge. 

Bursting  Charge  Firing  Mechanism 

Because  a mechanical  firing  system  requires  no 
connection  to  the  K gun  and  is  therefore  independ- 
ent of  the  ship’s  firing  circuit,  this  type  of  firing 
mechanism  was  finally  adopted.  (An  electric  firing 
system^  was  used  in  early  models  of  the  scatter 
charge.) 

Figure  13  shows  how  the  mechanical  firing 
device  operates.  Mounted  on  the  cover  plate  of  the 
bursting  unit,  it  employs  a spring-driven  hammer 
held  in  cocked  position  by  a ball  latch.  The  latch 
is  operated  by  a weight  or  pendulum  which  is 
moved  to  the  releasing  position  by  the  acceleration 
of  the  cluster  leaving  the  K gun.  Tripping  the  latch 
releases  the  hammer  which  drives  the  firing  pin  in 
the  cover  plate  into  the  percussion-initiated  delay 
squib  and  fires  the  bursting  charge. 

Three  safety  features  are  built  into  the  device: 
(1)  the  weight  is  maintained  in  the  safe  position  by 
a cam  or  stop;  (2)  a shutter  is  held  between  the  ham- 
mer and  the  firing  pin  to  prevent  premature  move- 


ment of  the  firing  pin  toward  the  cartridge;  and 
(3)  even  in  the  armed  condition,  a torsion  return 
spring  holds  the  weight  in  the  locking  position  until 
the  latter  is  moved  to  the  releasing  position  by  a 
force  greater  than  40  G’s.  ^ 

In  arming  the  equipment,  the  weather-tight  cover 
is  removed  and  the  arming  knob  is  moved  from 
the  safe  to  the  arm  position.  This  removes  the  pen- 
dulum stop  and  moves  the  shutter  to  a position 
enabling  the  mechanism  to  arm  when  it  is  fired 
from  the  K gun.  If  the  scatter  charge  is  not  fired, 
the  arming  knob  can  be  returned  to  the  safe  posi- 
tion, thus  replacing  the  safety  stop  and  shutter  and 
allowing  replacement  of  the  weather-tight  cover. 

Modification  of  Arbor  and  K Gun 

The  standard  Mark  7 arbor  was  modified  for  use 
with  the  scatter  charge  by  the  addition  of  a nose 
stop  and  stabilizer  plate  to  hold  the  cluster  in  place 
before  firing  and  by  the  substitution  of  a longer 
retaining  cable  than  that  required  for  the  Mark  6 
depth  charge. 

14ie  K gun  was  modified  for  use  with  the  scatter 
charge  by  providing  an  additional  positioning  notch 
and  a lashing  loop  on  the  side  of  the  barrel  oppo- 
site the  breech,  between  the  original  notches  and 
lashing  loops.  This  makes  it  possible  to  use  either 
Mark  6 dejith  charges  or  scatter  charges  in  the 
same  K gun. 

10.8  performance  and  conclusions 

Sea  tests  of  the  cluster  showed  that  the  six  depth 
charges  strike  the  water  surface  spaced  about  the 
edge  of  an  essentially  circular  pattern  approximately 
130  ft  in  diameter,  whose  center  is  about  50  yd  from 
the  base  of  the  K gun.  The  scatter  charge  is  safe  to 
handle  and  has  proved  efficient  in  operation,  and  it 
is  considered  that  the  objectives  enumerated  at  the 
beginning  of  this  summary  have  been  met. 
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Figure  15.  Roller  loader  with  scatter  charges. 


Roller  Loader  for  Scatter  Charge  and 
Depth  Charge 

The  roller  loader  is  a dtial-piirpose  L-shaped  struc- 
ture which  facilitates  the  loading  of  a standard  K gun 
with  either  the  scatter  charge  or  the  Mark  6 depth 
charge.  For  this  purpose  it  is  equipped  with  a carriage 
running  ojj  a track  level  with  the  arbor  of  the  K gun. 
This  carriage  has  interchangeable  cradles, one  adapted 
to  hold  Mark  6 depth  charges,  the  other  to  hold  scat- 
ter charges.  In  addition  to  the  ready  charge  in  the 
K gun,  three  charges  can  be  held  in  the  roller  loader: 
one  in  the  loading  carriage  on  the  front  leg  of  the  L, 
and  two  in  the  ready-storage  position  on  the  side  leg 
of  the  L.  Development  work  was  done  by  CUDWli 
NLL. 

109  INTRODUCTION 

llie  roller  loader  was  designed  as  j^art  of  the  devel- 
opment of  the  scatter  charge  for  surface  vessels.  The 


Figure  14.  Roller  loader. 

chief  requirement  was  a carriage  level  with  the  arbor 
of  the  K gun  and  running  on  a track.  This  carriage 
had  to  have  interchangeable  cradles,  one  adapted  to 
hold  a Mark  6 depth  charge,  and  the  other  to  hold  a 
scatter  charge. 
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I k.i  rk  If).  RoIIcm  loader  with  Mark  0 depth  charges. 


DESCRIPTION 

In  its  final  form,  the  roller  loader  is  a welded  frame- 
work of  structural  angles  and  channels.  In  plan  it  is 
I.-shaped,  extending  down  one  side  and  across  the 
mii//le  of  the  K gun  (see  Figine  11).  rhe  front  leg  of 
the  E is  a trat  k on  whit  h a carriage  operates  to  tians- 
fer  charges  from  the  ready-storage  section  in  the  side 
leg  of  the  E to  the  loading  position  in  front  of  the 
gun.  Ellis  carriage  is  jjro\  ided  with  two  interchange- 
able cradles,  one  for  the  scatter  charge,  the  other  for 
the  dejjth  charge. 

In  handling  the  scatter  charge,  the  cluster,  in  its 
normal  nose-down  jiosition,  is  moved  on  a roller  track 
from  the  ready-storage  section  to  the  carriage  (see 
Figure  15).  I he  track  in  the  ready-storage  section  con- 
sists of  a double  row  of  narrow  1-in.  diameter  rollers 


and  a central  guide  fin  projecting  in.  above  the 
rollers,  which  prevents  the  cluster  from  turning  on 
the  track  while  in  motion.  Outside  the  steel  angles, 
carrying  rollers,  one  located  at  each  side  of  the  cluster 
and  jilaced  slightly  below  the  level  of  the  center  track, 
stabilize  the  duster  in  an  upright  position.  Fhe  car- 
riage running  on  the  track  in  the  front  leg  of  the  E 
is  permanently  etpiijijjed  with  an  extension  of  the 
storage  section  tracks  to  facilitate  transfer  of  clus- 
ters to  the  carriage.  Fhe  cradle  for  the  scatter  charge 
is  provided  with  back  railing  to  stabilize  the  clus- 
ter. A locking  device  prevents  movement  of  the 
cluster  during  transport  to  the  loading  position. 
Figure  15  shows  one  scatter  charge  in  the  K gun, 
one  in  the  loading  carriage,  and  tw()  in  the  ready- 
storage  section. 
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In  handling  the  Mark  6 depth  charge,  the  charge 
is  rolled  on  its  own  periphery  from  the  ready-storage 
section  to  the  carriage  on  steel  angle  tracks  which 
serve  also  as  bracing  members  of  the  structure.  The 
cradle  with  which  the  carriage  is  fitted  to  receive 
the  depth  charge  is  in  the  form  of  a curved  tray 
equipped  with  a locking  device  to  prevent  move- 
ment of  the  charge.  Figure  16  shows  the  loader  with 


one  depth  charge  in  the  K gun,  one  in  the  loading 
carriage,  and  two  in  the  ready-storage  position. 

Suitable  clamps  and  stops  are  provided  to  prevent 
any  movement  of  the  charges  in  the  storage  rack 
and  carriage  when  the  equipment  is  secured. 
Charges  of  either  type  are  fed  into  the  loader  from 
the  deck  by  means  of  a davit  installed  at  the  in- 
board end  of  the  storage  section. 


Fast-Sinking  Depth  Charge 


Figure  17.  Full-scale  model  of  proposed  Mark  12  fast- 
sinking depth  charge. 


The  fast-sinking  depth  charge  was  designed  to  elim- 
inate such  shortcomings  of  the  conventional  depth 
charge  as  excessive  handling,  weight,  low  sinking 
speed,  and  deviation  from  the  desired  trajectory.  The 
latest  design  of  the  fast-sinking  depth  charge  (Mark 
12)  has  the  form  of  an  elongated,  streamlined  cylinder 
with  a blunt  nose  and  a tapering  afterbody.  A tail- 
mounted  shroud  ring  and  set  of  fins  improve  the  dy- 
namic characteristics  of  the  projectile.  This  unit,  de- 
signed for  individual  or  multiple  barrage  launching 
from  surface  craft,  is  6 in.  in  diameter,  36  in.  long, 
and  carries  a charge  of  36  lb  of  T orpex  2.  It  weighs  91 
lb  and  has  a sinking  speed  of  43  fps.  The  shape  of  an 
earlier  model  (7-40-M)  of  the  fast-sinking  depth 
charge  was  utilized  in  the  Mark  32  depth  bomb  de- 
signed for  projection  from  blimps.  This  missile  is  7 
in.  in  diameter  and  44  in.  long.  It  contains  32  lb  of 
Torpex  2 and  weighs  approximately  100  lb.  The  de- 
velopment of  the  fast-sinking  depth  charge  was  con- 
ducted by  CUDWR-NLL.  Certain  related  investiga- 
tions were  carried  out  at  MIT-USL  and  at  CIT. 

INTRODUCTION 

The  development  of  the  fast-sinking  depth  charge 
was  initiated  to  overcome  many  .of  the  objectionable 
features  of  the  conventional  depth  charge,  such  as 
slow  sinking  rate,  uncertain  trajectory,  and  excessive 
handling  weight.  At  the  time,  little  information  was 
available  concerning  the  factors  which  affect  the 
resistance  and  stability  of  a body  in  free  underwater 
travel.  There  was  also  little  understanding  of  the 
phenomena  associated  with  passing  a body  through 
an  air-water  interface  at  velocities  of  30  fps  or  more. 
Neither  the  minimum  acceptable  explosive  charge 
nor  the  size  and  shape  of  the  fuze  mechanism  had 
yet  been  determined  quantitatively. 

From  this  starting  point,  an  intensive  investiga- 
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lion  and  development  program  was  undertaken  on 
scale  nuxlel  projectiles  to  obtain  basic  information 
on  the  resistance  and  the  stability  retjuirements  of 
certain  umlerwater  depth-charge  shapes.  Measure- 
ments of  the  time  retjuired  to  reach  dilferent  depths 
were  recorded  electrically.  I'he  velocities  and  resis- 
tance coefficients  were  calculated  from  the  oscillo- 
graph records.  I'he  tests  showed  the  effects  on  sta- 
bility of  changes  in  the  position  of  the  center  of 
gravity  and  of  certain  variations  in  nose  and  tail 
design.  In  particular,  this  work  had  an  important 
bearing  on  development  of  the  value  of  projectile 
spin  accomplished  through  oblique  tail  fins.  In  ex- 
periments to  gain  knowledge  of  entry  phenomena, 
models  were  projected  from  an  air  gun,  and  high- 
speed moving  pictures  recorded  the  underwater 
travel.  Several  hundred  tests  of  approximately  full- 
size  motlels  verified  the  results  obtained  with  smaller- 
scale  ratios.  I'he  project  was  carried  to  a point  where 
preproduction  samples  of  a charge  designated  the 
Mark  12  depth  charge  were  built  and  tested,  achiev- 
ing a sinking  rate  of  45  fps  in  170  ft  of  water. 

Conflicting  opinions  persisted,  however,  on  such 
matters  as  terminal  velocity  versus  deep  water  dis- 
persion and  explosive  content  versus  size  and  weight. 
A coincidental  project  devoted  to  the  development 
of  fuzes  suitable  for  use  in  fast-sinking  depth 
charges  (discussed  in  a later  section  of  this  chapter) 
did  not  succeed  in  evolving  a fuze  which  was  both 
safe  and  efficient,  since  requirements  for  safety  and 
for  certainty  of  operation,  particularly  in  proximity 
fuzes,  tend  to  conflict.  Service  acceptance  and  use 
of  the  Mark  12  depth  charge  were  therefore  ham- 
pered by  lack  of  adequate  fuzes. 

It  was  felt,  however,  that  the  experiments  and  in- 
vestigations undertaken  in  the  develo|>ment  of  the 
Mark  12  added  considerably  to  the  existing  knowl- 
edge of  depth-charge  behavior  and  should  be  of 
value  in  any  future  work  of  this  nature. 

DESIGN  REQUIREMENTS 

In  addition  to  the  general  requirements  that  the 
underwater  depth  charge  be  of  a faster-sinking  type, 
that  it  be  more  certain  in  trajectory,  and  that  it  be 
lighter  in  weight  than  the  1941  standard  depth 
charge,  the  Hureau  of  Ordnance  required  that  it 
be  capable  of  being  dropped  individually  or  in  a 
multiple  barrage  from  surface  craft.  Later,  the  de- 
sire to  use  such  charges  from  aircraft  was  indicated. 
The  depth  charge  was  to  have  safety  features  ade- 


quate to  protect  operating  personnel  from  the  haz- 
ards of  accidental  explosion.  It  was  to  be  provided 
with  a fuze  that  would  not  become  armed  until  it 
reached  a water  depth  of  approximately  30  ft.  I'he 
firing  mechanism  was  to  be  either  of  a type  ener- 
gized by  impact  with  a rigid  body  or  of  a type 
actuated  by  close  proximity  to  a ferromagnetic 
body. 

HYDRODYNAMIC 

CONSIDERATIONS 

Preliminary  investigations  embracing  some  400 
experiments  with  spheres,  cylinders,  darts,  and  va- 
rious other  shaped  bodies  moving  through  water 
provided  a background  of  data  for  the  design  of 
a stable  and  fast-sinking  projectile.'*  I'he  final  de- 
sign and  its  various  modifications  were  subjected 
to  exhaustive  dynamic  tests.  Some  of  the  significant 
observations  and  conclusions  resulting  from  these 
experiments  are  described  below. 

A sphere  falling  freely  in  water  does  not  descend 
in  a straight  line  but  follows  a helical  path.  Cylin- 
ders falling  end-on  have  maximum  stability  when 
they  possess  a length-diameter  ratio  of  about  five. 
By  “stability”  in  the  case  of  a projectile  is  meant 
the  tendency  of  the  projectile  to  assume  and  main- 
tain an  orientation  such  that  its  major  axis  is  tan- 
gent to  its  trajectory. 

Streamlined  bodies  are  inherently  unstable.  The 
shape  of  the  nose  and  the  afterbody  of  a projectile 
can  be  modified  to  increase  stability  but  at  the 
expense  of  increasing  the  drag  correspondingly.  The 
shape  of  the  nose  is  most  important  in  the  transi- 
tional section  where  the  nose  meets  the  cylindrical 
body.  I'he  central  60  per  cent  of  the  projected  nose 
area  may  be  made  flat  with  little  effect  on  stability 
and  with  an  increase  in  drag  of  only  about  10  per 
cent.  An  otherwise  streamlined  afterbody  may  be 
terminated  abruptly  without  serious  increase  in 
drag.  Increasing  the  diameter  of  the  flat  end  of  such 
a terminated  afterbody  from  14  to  25  per  cent  of 
the  cylinder  diameter  increases  the  drag  by  only 
6 per  cent. 

I'he  stability  of  a streamlined  projectile  can  be 


bThis  program  was  carried  out  at  the  Training  Tank, 
U.  S.  Submarine  Base,  New  London,  Conn.;  at  Morris  Dam 
near  Pasadena,  Calif.;  at  the  Alden  Hydraulics  Laljoratory, 
Worcester,  Mass,;  at  the  Massachusetts  Institute  of  Technol- 
ogy, Cambridge,  Mass.;  and  at  the  U.  S.  Navy  Underwater 
Sound  Laboratory,  New  London,  Conn.2 
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increased  with  very  little  increase  in  drag  by  the 
addition  of  a shroud  ring  and  set  of  fins  to  the  tail 
structure.  The  shroud  ring  is  particularly  effective. 
For  maximum  stability  the  length  of  the  ring  should 
be  between  40  and  50  per  cent  of  the  projectile 
diameter.  Alignment  should  be  such  that  angular 
tilt  does  not  exceed  about  30  min  of  arc.  Radial 
displacement  up  to  about  1^  per  cent  of  diameter 
produces  no  noticeable  effect  on  stability.  There 
appears  to  be  a best  location  for  the  leading  edge 
of  the  shroud  ring  relative  to  the  curved  afterbody. 
An  airfoil  cross  section  is  desirable  but  a bevelled 
profile  is  a satisfactory  compromise  for  ease  of  fab- 
rication. 

Stability  is  greatly  increased  by  causing  the  pro- 
jectile to  spin  around  its  longitudinal  axis.  To  ac- 
complish this,  spiral  (helicoidal)  fins  having  a pitch 
angle  of  from  10  to  15  degrees  are  most  effective. 
However  plane  fins  inclined  to  the  axis  of  the  pro- 
jectile yield  essentially  the  same  stability  and  pro- 
duce an  increase  of  only  a few  per  cent  in  drag 
above  the  corresponding  spiral  fins.  With  spin,  minor 
irregularities  in  body  dimension  are  less  significant 
and  hence  manufacturing  tolerances  may  be  less 
stringent. 

Stability  is  measured  in  terms  of  the  Loring  fac- 
tor. The  Loring  factor  of  a projectile  is  the  dis- 
tance between  its  center  of  gravity  and  center  of 
longitudinally  projected  area  divided  by  its  overall 
length.  It  is  a measure  of  the  moment  arm  on  which 
the  hydrodynamic  turning  forces  act.  In  general, 
the  larger  its  value,  the  more  stable  the  projectile. 

Not  only  should  a fast-sinking  depth  charge  be 
stable  but  it  should  also  describe  a trajectory  which 
rapidly  approaches  the  vertical  so  that  its  horizon- 
tal position  may  be  known  more  accurately.  The 
force  of  buoyancy  acts  at  the  center  of  volume  of 
the  projectile  and  is  responsible  for  producing  the 
desired  vertical  motion.  The  eccentricity  of  a pro- 
jectile is  defined  as  the  ratio  of  the  distance  between 
the  center  of  gravity  and  center  of  volume  to  the 
overall  length.  It  is  thus  a measure  of  the  moment 
arm  on  which  the  buoyant  force  acts,  and  the  larger 
its  value,  the  more  rapidly  the  trajectory  approaches 
the  vertical.  The  eccentricity  of  a projectile  can,  of 
course,  be  increased  by  adding  weight  to  the  nose 
or  by  removing  weight  from  the  tail.  Increasing  the 
eccentricity  also  increases  the  Loring  factor  and, 
hence,  improves  the  stability  as  well. 

A large  number  of  moving  pictures  were  taken  to 
determine  the  behavior  of  a recommended  projec- 


tile, both  at  water  entry  and  also  during  its  sub- 
sequent descent  into  the  water.  The  recommended 
projectile  had  a diameter  of  6 in.,  a length  of  49 
in.,  a hemispherical  nose,  and  an  approximately 
streamlined  afterbody  fitted  with  fins  and  a shroud 
ring.  Plane  fins  inclined  at  10  degrees  to  the  axis 
were  used.  Fhe  shroud  ring  was  about  3 in.  long. 
The  41 -lb  load  was  so  adjusted  that  the  eccentricity 
was  about  0.12. 

When  launched  underwater,  such  a projectile 
duplicated  quite  accurately  its  entire  trajectory.  The 
rms  dispersion  on  a large  number  of  trials  was  only 
about  4^  in.  at  a depth  of  180  ft. 

When  launched  from  air  into  water,  however, 
dispersion  was  considerably  greater.  A variable 
amount  of  air  is  carried  along  with  the  projectile 
as  it  splashes  into  the  water.  This  entrapped  air 
reduces  the  ability  of  the  tail  fins  and  shroud  ring 
to  stabilize  the  motion.  Even  for  vertical  axis  entry 
the  rms  dispersion  was  70  in.  at  180  ft.  When  the 
projectile  is  thrown  into  the  water  with  a velocity 
of  from  35  to  45  fps  along  a trajectory  making  an 
angle  of  from  45  to  55  degrees  from  the  vertical  and 
with  a body  orientation  of  between  45  and  90  de- 
grees from  the  trajectory  (but  in  the  same  plane), 
the  rms  dispersion  is  about  12  ft  at  180  ft.  WTen  the 
projectile  axis  is  skewed  out  of  the  plane  of  the 
trajectory  by  as  much  as  20  degrees,  little  increase 
in  deviation  is  observed.  However,  increasing  the 
skew  to  45  degrees  approximately  doubles  the  dis- 
persion. 

Out  of  this  work  came  the  conclusion  that  the 
range  of  6-  to  7-in.  diameters  seems  fairly  close  to 
optimum  and,  considering  fuze  sizes,  explosive 
charge  sizes,  and  gross  projectile  weights,  this  range 
permits  choice  of  projectile  diameter  in  accordance 
with  practical  design  consideration.  For  the  depth 
charge  using  the  inertia-type  fuze,  it  seemed  desir- 
able to  maintain  the  6-in.  diameter,  but  the  mag- 
netic fuze  required  a 7-in.  diameter  projectile.  The 
explosive  charge  originally  set  at  30  lb  of  TNT  was 
later  increased  to  40. 

The  K gun  was  at  first  indicated  as  the  probable 
dispenser  for  the  proposed  fast-sinking  depth  charge. 
Model  tests  of  simulated  K gun  launching,  how- 
ever, indicated  that  better  methods  could  be  found 
for  the  purpose.  Parallel  projects,  discussed  later  in 
this  chapter,  were  therefore  undertaken  to  develop 
(1)  two  types  of  surface  craft  dispensers,  and  (2) 
the  Mark  53  bomb  rack  for  launching  the  projec- 
tiles from  blimps. 
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FKii  RK  18.  Scrcu-typc  power-operated  dispenser  (preliininai y assembly  without  gear  and  motor  enclosure)  . 


description  of  final  model 

I'he  latest  and  most  cllective  model  of  the  fast- 
sinking depth  charge  designed  before  the  project 
was  discontinued  was  designated  the  Mark  12  depth 
charge  (see  Figure  17).  It  is  6 in.  in  diameter  and 
36  in.  long,  exclusive  of  the  Mark  140  fuze  protec- 
tive cap.  I'he  charge  has  a capacity  of  36  lb  of  For- 
pex  2 with  a gross  weight  in  air  of  91  lb  including 
fuze  and  boosters.  Fhe  sinking  rate  is  45  fps  as 
determined  by  tests  of  j)reproduction  samples  in 
170  ft  of  water. 

The  Bureau  of  Ordnance  also  produced  the  Mark 
52  bomb  for  use  from  blimps.  It  conforms  in  shape 
to  one  of  the  earlier  models  of  the  fast-sinking  depth 
charge,  known  as  the  7-40-M  depth  charge.^  I'he 
dimensions  are  7 in.  in  diameter  and  42  in.  in  length 
exclusive  of  the  Mark  140  fuze  j>rotective  cap.  1 he 
explosive  cavity  holds  about  52  lb  of  Torpex  2.  I’hc 
gross  weight  in  air  is  about  100  lb. 

‘">5  CONCLUSIONS 

Conflicting  opinions  on  (juestions  of  terminal 


velocity  versus  deep  water  tlispersion,  and  explosive 
content  ^versus  size  and  weight,  together  with  the 
lack  of  adetjuate  fuzes  delayed  actual  j)roduction 
and  use  of  the  fast-sinking  depth  charge.  Neverthe- 
less, a model  was  developed,  the  Mark  12,  which 
gave  promise  in  j)reproduction  tests  of  greater  effi- 
ciency than  the  then  standard  depth  charges,  par- 
ticularly in  sinking  rate.  I'he  investigations  under- 
taken on  this  project  added  considerably  to  knowl- 
edge of  dejnh-charge  behavior  and  should  be  of 
value  in  any  future  work  of  this  nature. 

'«  16  SURFACE  CRAFT  DISPENSERS 
FOR  FAST-SINKING  DEPTH  CHARGES 

In  the  early  stages  of  development  of  the  fast- 
sinking depth  charge,  simulated  K-gun  launching 
tests  revealed  that  the  K gun  did  not  provide  an 
ideal  method  of  launching.  As  a corollary  to  the 
fast-sinking  depth-charge  project,  therefore,  a pro- 
ject was  initiated  to  develop  a device  for  launching 
or  projecting  fast-sinking  depth  charges  from  de- 
stroyers and  similar  surface  craft. 
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Figure  19.  Mark  12  depth  charge  in  gravity-type  dispenser. 


The  mechanism  was  to  be  capable  of  launching 
in  multiple  barrages  depth  charges  of  the  type  which 
had  been  under  development  at  the  New  London 
Laboratory  up  to  that  time.  One  of  these  charges 
was  6 in.  in  diameter  and  49  in.  long;  the  other 
was  7 in.  in  diameter  and  44  in.  long.  A power- 
operated,  twin-screw  dispenser  (see  Figure  18)  was 
built  for  test  purposes  only  and  had  a capacity  of 
ten  6-in.  diameter  charges.  A gravity-operated  type 
(see  Figure  19)  intended  for  Service  was  developed 
for  launching  three  6-  or  7-in.  diameter  units  at 
one  time. 

Both  types  of  fast-sinking  depth-charge  dispenser 
were  tested  under  operating  conditions  and  satis- 
factorily met  the  requirements  laid  down  for  their 
design.  As  the  screw-type  dispenser  had  been  de- 
signed for  test  purposes  only,  its  development  did 
not  extend  beyond  the  model  stage.  Fifty  units  of 
the  gravity-type  dispenser  were  put  into  produc- 
tion, but,  since  use  of  the  Mark  12  fast-sinking  depth 
charge  was  postponed,  the  dispenser  project  was 
likewise  halted. 


Fuzes  for  Fast-Sinking  Depth  Charges 


Fuzes  for  fast-sin kiug  depth  charges  are  detonating 
devices  mounted  inside  the  nose  of  the  projectile. 
The  two  types  developed  by  the  Bell  Telephone  Labo- 
ratories, Inc.  and  the  New  London  Laboratory  are 
inertia-actuated  and  magnetically  actuated  fuzes. 
The  former  type  includes  a mercury  jiggle  switch 
which,  upon  impact  of  the  projectile,  starts  a detonat- 
ing current  flowing.  This  sets  off  the  booster  charge 
which  in  turn  causes  explosion  of  the  principal 
charge.  The  latter  type  differs  from  the  inertia- 


actuated  fuze  in  that  the  detonating  current  is  ob- 
tained by  a change  or  a distortion  of  a magnetic  field. 
In  the  magnetic  flux-change  fuze,  a current  is  induced 
in  a coil  surrounding  a permanent  magnet  when  the 
magnetic  field  changes;  in  the  balanced-bridge  mag- 
netic fuze,  two  Permalloy  strips  are  mounted  at  right 
angles  to  a strong  balanced  field  and  become  mag- 
netized and  come  together,  thereby  actuating  a bat- 
tery, when  a ferro  magnetic  body  distorts  the  existing 
field  balance. 


SEA  MERCURY  SAFETY 

CELL  SWITCH  SWITCH 


Figure  20.  Inertia-actuated  fuze,  bellows  armed. 
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'0*7  INTRODUCTION 

I'hc  development  of  a suitable  fuze  for  the  fast- 
sinking depth  charge  paralleled  the  development  of 
the  depth  charge  itself  which  was  discussed  earlier  in 
this  chapter,  page  202.  'Fhe  design  of  an  efficient 
underwater  projectile,  as  well  as  its  effective  use, 
depends  in  considerable  measure  on  the  fuze  em- 
ployed. 

.An  acceptable  fuze  must  be  designed  so  that  it 
can  be  acconmuKlated  in  the  ()-  or  the  7-in.  diameter 
depth-charge  shell.  It  should  not  fire  on  impact  with 
the  surface  of  the  water  whether  launched  from 
surface  craft  or  from  aircraft.  Furthermore,  it  should 
remain  unarmed  until  a depth  of  about  40  ft  is 
reached  at  wdiich  level  it  should  become  fully  armed. 
The  mechanism  should  provide  safety  protection 
for  all  personnel  during  assembly  and  shipment,  in 
operations,  and  in  case  of  own-ship’s  sinking.  It 
must  also  be  weatherproof. 

I'wo  types  of  firing  mechanisms  were  developed, 
one  actuated  on  impact  as  a result  of  inertia  effects 
and  the  other  actuated  as  a result  of  magnetic  ef- 
fects when  in  close  proximity  to  a ferromagnetic 
b(Kly.  In  each  case  the  fuze  is  mounted  in  the  nose 
of  the  projectile.  I'o  arm  the  mechanism  certain 
mechanical  and  electrical  steps  must  be  completed. 
Final  explosion  of  the  principal  charge  is  initiated 
by  the  explosion  of  a booster  charge  which  in  turn 
is  set  off  by  the  electric  detonation  of  a blasting 
cap.  In  the  case  of  the  inertia-actuated  mechanism, 
the  electric  detonator  is  initiated  when  its  electric 
circuit  is  completed  through  a mercury  “jiggle 
switch.”  Two  types  of  magnetically  actuated  fuzes 
were  developed.  In  one,  when  the  system  moves 
close  to  a ferromagnetic  body,  the  change  in  mag- 
netic flux  through  a coil  associated  with  a perma- 
nent magnet  produces  the  electric  current  for  the 
detonator.  In  the  other,  a balanced  magnetic  bridge 
becomes  unbalanced  when  brought  near  a ferro- 
magnetic body  and  hence  magnetizes  two  metallic 
strips  so  that  they  move  together  and  close  the  nec- 
essary electric  circuit. 

None  of  these  fuzes  was  developed  to  the  point 
where  it  was  considered  entirely  safe  and  reliable 
for  operation,  and  further  work  was  discontinued 
with  the  termination  of  the  fast-sinking  depth- 
charge  project.  However,  it  is  felt  that  the  experi- 
mental results  may  be  valuable  in  future  similar 
investigation. 
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*0  '8  INERTIA-ACTUATED  FUZES 

Two  inertia-actuated  fuzes  were  developed,  dif- 
fering from  each  other  primarily  in  the  method  of 
arming.  In  both  cases  an  electric  current  initiates 
the  detonator  when  a mercury  jiggle  switch  closes 
as  the  result  of  a collision  with  a rigid  body.  Arm- 
ing is  initiated  by  the  removal  of  a safety  plug  in 
the  nose  cap  of  the  projectile  when  it  is  released. 
Fhe  arming  process  is  completed  when  hydraulic 
pressure  is  sufficient  to  cause  the  detonator  to  en- 
gage the  booster  and  close  a safety  arming  switch 
in  the  detonator  circuit.  One  of  the  fuzes  employs  a 
plunger  to  accomplish  this  step;  the  others,  a bel- 
lows. I'he  bellows-armed  type  appeared  more  promis- 
ing than  the  other. 

Bellows-Armed  Fuze 

General  Desc:ription 

I'he  mechanism  of  the  bellow's-armed  fuze  is 
shown  in  cross  section  in  Figure  20.  The  safety 
plug  is  removed  as  a part  of  the  operation  of  launch- 
ing, thereby  tearing  out  the  threaded  stem  of  the 
sea  cell.  This  permits  activation  of  the  sea  cell  and 
admits  water  pressure  to  the  metal  bellows.  Ihe 
bellows  and  the  safety  spring  hold  the  detonator 
in  the  safe  position  until  water  pressure  acting  on 
the  bellows  compresses  the  spring,  causing  the  det- 
onator jacket  and  detonator  to  engage  the  booster 
and  the  safety  switch  to  close.  Arming  is  then  com- 
plete and  the  detonator  is  fired  when  the  mercury 
switch  is  closed  as  the  result  of  impact  against  a 
target. 

Tests  and  Results 

Very  few  tests  were  made  on  this  fuze.  One  unit 
was  dropped  through  air  twice  from  a height  of  40 
ft  onto  a steel  target.  On  neither  occasion  did  it 
explode.  When  dropped  40  ft  through  water  onto 
a steel  target  the  fuze  exploded  as  expected.  Sta- 
tistical tests  were  never  carried  out.  Fhe  limited 
number  of  tests  nevertheless  indicated  that  this  mech- 
anism could  probably  be  made  to  fulfill  all  the  re- 
quirements of  an  inertia-actuated  fuze. 

10.18.2  Type  HIR  Fuze 

In  an  effort  to  hasten  Service  trials  of  the  fast- 
sinking depth  charge,  the  HIR  fuze  which  had  al- 


CONFIDENTIAL 


208 


ORDNANCE 


ready  been  approved  by  the  Bureau  of  Ordnance 
was  installed  in  a number  of  projectiles.  This  re- 
cpiired  certain  modification  in  the  design  of  the 
nose  to  receive  the  fuze  and  booster. 

A number  of  the  modified  depth  charges  (loaded 
with  40  lb  of  I NT)  were  drop-tested  from  a blimp 
at  an  altitude  of  (iOO  ft.  I'he  first  was  droppetl  on 
land  and,  j^roperly,  did  not  explode.  Four  others 
did  not  explode  when  dropped  in  40  ft  of  water 
over  a hard  bottom.  Ten  others  were  dropped  in 
70  ft  of  water  over  a soft  bottom  and  all  exploded 
upon  hitting  the  bottom.  I he  number  of  tests  was 
insufficient  to  give  more  than  a rough  indication 
of  the  range  of  performance  of  the  HIR  fuze. 


19  MAGNETICALLY  ACTUATED 
FUZES 

A magnetically  actuated  fuze  should  fire  as  the 
result  of  a glancing  blow  or  a near  miss  and  hence 
should  have  a somewhat  larger  range  of  actuation 
than  an  inertia-actuated  fuze.  Furthermore  the  mag- 
netic fuze  should  not  fire  on  impact  with  the  bottom. 

1 wo  types  of  magnetically  actuated  fuzes  were 
developed  and  tested.  Each  has  a plunger  arming 
mechanism  similar  to  that  described  above.  Ihe 
two  fuzes  differ  primarily  in  the  method  of  initiat- 
ing the  electric  current  to  the  detonator.  In  one,  a 
flux-change  type  of  fuze,  the  detonating  current  is 
induced  in  a coil  associated  with  a permanent  mag- 
net when  the  unit  is  moved  close  to  a ferromagnetic 
body.  In  the  other,  a balanced-bridge  type  of  fuze, 
the  current  is  obtained  from  a battery  as  the  result 
of  contact  between  two  ferromagnetic  strips.  The 
strips  are  mounted  at  right  angles  to  a strong  local 
magnetic  field  such  that  when  the  field  is  distorted 
by  the  presence  of  a nearby  ferromagnetic  body, 
they  become  magnetized  and  attract  each  other. 

Development  work  on  the  flux-change  fuze  was 
not  completed  in  view  of  the  apparently  greater 
promise  offered  by  the  balanced-bridge  fuze.  The 
results  obtained  with  the  latter  are  discussed  below. 


10.19.1  Yhe  Balanced-Bridge  Magnetic 
Fuzes 


Theory 


Figure  21  illustrates  the  principle  of  operation 
of  the  balanced-bridge  mechanism.  Tw'o  ferromag- 
netic tubes  T,  with  an  air  gap  between  them,  are 


A EOUIPOTENTIAL  LINES  IN  ABSENCE  OF  IRON 


B EOUIPOTENTIAL  LINES  IN  PRESENCE  OF  IRON 

FicrRi,  21.  Magnetic  field  in  vicinity  of  magnetic  bridge. 


placed  at  one  side  of  an  electromagnet  as  shown. 
In  the  space  between  the  tubes  two  flexible  ferro- 
magnetic strips  .S’  are  mounted  with  adjacent  ends 
overlapping,  and  oriented  to  lie  at  right  angles  to 
the  lines  of  flux  of  the  magnetic  field  (i.e.,  parallel 
to  the  ecjuipotential  lines  shown  in  the  figure).  Fhe 
strips  are  supjxirted  at  their  far  ends  so  that  on 
bending  toward  each  other  the  near  ends  can  make 
contact.  In  the  normal  balanced  condition  the  strips 
do  not  touch.  When  a ferromagnetic  body  is  brought 
near  the  .system,  as  in  Figure  21 B,  the  magnetic 
field  is  distorted,  thereby  magnetizing  the  strips  lon- 
gitudinally so  that  they  attract  each  other.  Contact 
between  the  strips  is  used  to  complete  the  circuit  to 
an  electric  detonator. 

Development 

The  specifications  established  for  the  balanced- 
bridge  fuze  required  that  it  function  when  the  nose 
of  the  projectile  comes  wdthin  about  4 in.  of  an 
iron  body.  Deck  planking  and  other  barriers  to  in- 
timate contact  should  not  prevent  explosion.  To 
obtain  the  required  sensitivity  it  is  necessary  to  main- 
tain a high  degree  of  balance  in  the  magnetic  cir- 
cuit, and  yet  the  mechanism  must  be  sufficiently 
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riiggetl  lo  be  unaffected  by  shock  experienced  in 
handling,  launching,  and  entering  the  water. 

I'he  original  design  called  for  permanent  magnets 
to  produce  the  magnetic  field  and  for  dry  cells  to 
actuate  the  electric  detoaiator.  'Miese  were  soon  dis- 
cardetl  in  favor  of  an  electromagnet  powered  by  a 
sea-activated  battery.  (See  Chapter  12.)  riiis  pro- 
vided a more  reliable  magnetic  field  and  was  easier 
to  construct  than  a balanced  permanent-magnet 
bridge.  The  sea  cell  also  served  to  ignite  the  det- 
onator and  thus  provided  an  additional  safety  meas- 
ure in  that  the  detonator  could  not  be  fired  by  acci- 
dental closing  of  the  magnetic  switch  before  salt 
water  reached  the  cell,  fhe  problem  of  dry-cell 
shelf  life  w'as  also  thereby  avoided. 

lo  determine  the  optimum  design  for  the  va- 
rious components  ol  the  system,  it  was  necessary 


first  to  develop  a magnetic  switch  having  the  great- 
est possible  sensitivity  consistent  with  reliable  oper- 
ation. I'he  switch  finally  adojned  is  shown  in  Fig- 
ure 22.  File  two  ferromagnetic  strips,  gold-tipped 
for  go(Kl  electric  contact,  are  sealed  in  a hydrogen- 
filled  glass  tube.  Fhe  application  of  a magnetic  field 
etjuivaleiu  to  about  15  ampere-turns  along  the  axis 
of  the  tube  is  sufficient  to  magnetize  the  strips  so 
that  their  free  ends  make  contact. 

number  of  sea  cells  which  would  furnish  the 
j)ower  retpiired  and  also  become  activated  (piickly 
on  entry  of  salt  water  were  designed  and  tested.  Fhe 
cell  finally  adopted  to  power  the  electromagnet  em- 
ployed 17  alternate  silver  and  magnesium  plates, 
with  phenol  fiber  separators.  Fhe  cell  lor  firing  the 
detonator  employed  only  3 plates.** 

Final  Model 

Dcscrijjtion.  A cross-sectional  drawing  of  the  bal- 
anced-bridge fuze  appears  in  Figure  23.  Fhe  arm- 
ing mechanism  is  housed  inside  the  Permalloy  tube 
which  lies  along  the  axis  of  the  projectile.  Between 
this  “collector  tube”  and  the  electromagnet  assem- 
bly is  the  glass-sealed  magnetic  switch.  I'he  sea  cell 
is  mounted  next  to  the  coils  of  the  electromagnet  in 
the  nose  of  the  projectile.  Between  this  “collector 
tube”  and  the  electromagnet  assembly  is  the  glass- 
sealed  magnetic  sw’itch.  I'he  sea  cell  is  mounted  next 
to  the  coils  of  the  electromagnet  in  the  nose  of  the 
projectile.  In  order  that  the  magnetic  flux  extend 
into  the  region  surrounding  the  projectile,  it  is 
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ergizes  the  electromagnet.  This  is  well  under  way  in 
alxnit  1 3 sec,  although  the  current  to  the  coils  con- 
tinues to  rise  for  several  seconds. 

W hen  the  presence  of  a target  distorts  the  mag- 
netic field  sufficiently,  the  magnetic  switch  closes 
and  thereby  completes  the  circuit  to  the  detonator. 
Firing  of  the  detonator  explodes  the  booster  and 
hence  the  main  charge. 

It  should  be  noted  that  there  are  “dead*’  regions 
in  the  vicinity  of  the  nose  of  the  projectile  — regions 
in  which  a target  will  not  operate  the  magnetic 
switch.  This  is  because  the  distortion  which  actu- 
ates the  switch  must  be  one  which  creates  a differ- 
ence between  the  magnetic  paths  from  the  collector 
tube  to  the  two  poles.  In  general,  if  the  direction 
of  the  target  (the  line  from  the  center  of  the  elec- 
tromagnet to  the  target  and  perpendicular  thereto) 
lies  in  the  plane  which  is  at  right  angles  to  the  axis 
of  the  electromagnet,  the  switch  will  not  close.  Fig- 
ure 24  shows  the  range  within  which  the  mechanism 
does  function  for  various  orientations  of  the  projec- 
tile with  respect  to  the  target.  To  increase  the  prob- 
ability of  firing,  the  projectile  is  given  spin  as  it 
descends  through  the  water.  This  is  accomplished 
by  the  use  of  spiral  tail  fins. 

Results 


Figure  24.  Operating  range  of  magnetic-bridge  fuze. 

necessary  that  the  housing  be  of  nonmagnetic  ma- 
terial. 

Operation.  There  are  three  phases  to  the  opiera- 
tion  of  the  balanced-bridge  magnetic  fuze:  (1)  me- 
chanical arming,  (2)  electric  arming,  and  (3)  mag- 
netic firing. 

A safety  wire  which  locks  the  arming  piston  in 
the  safe  position  is  withdrawn  when  the  safety  plug 
is  removed  at  the  time  when  the  depth  charge  is 
launched.  This  admits  water  to  the  sea  cell  and  also 
through  a hole  in  the  electromagnet  to  the  arming 
piston.  As  the  pressure  increases,  the  piston  moves 
back  and  compresses  the  safety  spring.  At  a depth 
of  about  35  ft  the  detonator  engages  the  booster 
and  the  safety  switch  is  closed.  This  requires  about 
2 sec  with  overside  launching.  Electric  arming  is 
completed  when  the  cell  becomes  activated  and  en- 


Laboratory  tests  on  the  magnetic  bridge  mech- 
anism and  on  the  other  components  of  the  fuze 
demonstrated  that  reliable  field  performance  of  the 
final  model  might  be  expected.  However,  such  a 
result  was  not  realized.  The  sea  trials  of  the  mag- 
netic bridge  fuze  showed  quite  conclusively  that 
the  mechanism  was  unreliable  and  also  unsafe  for 
use  by  surface  craft.  Furthennore.  the  fuze  would 
be  costly  and  complicated  to  manufacture.  Conse- 
quently, further  development  was  discontinued. 

CONCLUSIONS 

The  entire  fuze  program  for  the  fast-sinking 
depth  charge  was  terminated  along  with  the  depth- 
charge  program  itself.  No  satisfacior\'  fuzes  were 
develofjed.  However,  it  is  believed  that  a consid- 
erable amount  of  design  art  evolved  and  this  should 
be  of  value  in  anv  future  fuze  work. 
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Mark  53  Bomb  Rack 

Thr  Mark  53  bomb  rack  was  dei'cloped  by 
CUDWR-SLL  to  permit  launching  of  fast-sinking 
depth  charges  from  lighter-than-air  craft.  Its  design 
(I ) provides  for  dispensing  projectiles  either  individ- 
ually or  in  a ** stick**  barrage,  and  (2)  obviates  any 
necessity  for  protuberances  or  indentations  on  a pro- 
jectile’s surface  which  might  impair  its  hydrodynamic 
performance.  .4  utomatic  release  for  normal  operation 
and  manual  release  for  emergency  conditions  are 
aiHiilable.  The  equipment,  weighing  about  95  lb,  in- 
cludes: bomb  release  mechanism  and  support, arming 
and  forward  spacer  assembly, aft  spacer,  release  spring 
assembly,  and  bomb  release  handle.  Sixteen  projec- 
tiles constitute  a full  load  for  the  rack;  eight  is  the 
maximum  number  that  be  dispensed  in  a single 
’’stick.** 

INTRODUCTION 

Though  fast-si nking  depth  charges  were  origin- 
ally intended  to  be  launched  from  surface  craft,  it 
soon  appeared  desirable  to  launch  them  from 
lighter-than-air  craft  as  well.  .Accordingly  it  became 
necessars  to  deselop  a sf>ecial  rack  for  carrs  ing  and 
automatically  dis{>ensing  them. 

The  requirements  established  for  the  rack  were 
(1)  that  it  be  suitable  for  “stick”  bombing,  (2)  that 
its  design  not  imf>ose  the  necessity  of  any  protuber- 
ances on,  or  indentations  in,  the  projectile  which 
might  disturb  its  hydrodynamic  characteristics,  and 
(3)  that  it  carrs  up  to  16  of  the  6-40  projectiles 
(6  in.  in  diameter,  49  in.  long,  40  lb  of  TNT)  to 
be  dispensed  either  individually  or  in  sticks.  This 
requirement  was  later  expanded  to  include  the  7-40 
projectile  (7  in.  in  diameter,  44  in.  long,  40  lb  of 
TNT). 

*•-2*  DEVELOP.MENT 

Since  the  6-40  and  7-40  bombs  were  originally 
designed  for  launching  from  surface  craft,  air  flight 
tests  w’ere  first  made  on  one-third  scale  models 
launched  from  a K-type  ship.  The  projectiles  were 
found  to  have  satisfactory  air  flight  characteristics 
when  launched  horizontally  with  nose  forward. 

Design  of  a suitable  rack  and  dispensing  mecha- 
nism commencetl  with  a wood  mockupnnodel.  .After 
testing  in  the  laboratory  this  rack  w’as  installed  in 
a K-type  airship  for  further  tests.  These  indicated 
the  need  for  an  automatic  release  mechanism  to 
space  the  projectiles  more  uniformly  in  a “stick” 


Fu.ire  25.  I.oKer  section  of  lx)mb  rack. 


barrage.  The  final  model,  the  .Mark  53  bomb  rack, 
incorporated  automatic  release  and  provision  for 
dispensing  either  the  6-40  or  the  7-40  bomb.  .After 
further  tests,  manufacture  of  20  units  of  the  final 
design  was  undertaken  at  the  Naval  Gun  Factory, 
Washington,  D.  C. 

FINAL  DESIGN 

10.25.1  General  Description 

Figure  25  shows  how  tw'o  row’s  of  four  depth 
charges  each  are  mounted  in  the  Mark  53  bomb 
rack.  Two  additional  rows  of  projectiles  may  be 
supported  so  that  16  depth  charges  can  be  dispensed 
from  a single  rack.  Each  projectile  is  supp>orted  by 
a cable,  one  end  of  which  can  be  released.  The 
two  layers  are  separated  by  a pair  of  spacers;  one 
end  of  the  fonvard  spacer  app>ears  in  the  figure. 
These  spacers  swing  down  out  of  the  way  when  the 
lower  row  of  projectiles  has  been  released.  Spacers 
are  available  for  both  the  6-  and  the  7-in.  diameter 
depth  charges. 

10.23.2  Bomb  Release  Mechanism 

The  section  of  the  bomb  rack  show  n in  Figure  25 
is  supported  by  the  truss  framework  of  Figure  26. 
The  release  hooks  for  the  support  cables  and  their 
associated  trigger  mechanisms  are  mounted  in  the 
V-shaped  member  of  this  truss.  This  member  also 
houses  the  cable  take-up  units  for  the  fixed  ends 
of  the  suppKjrt  cables.  The  release  mechanisms  are 
^^■iggered  in  sequence  by  the  escapement  w heel  w hich 
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Figure  26.  Upper  section  of  bomb  rack. 


in  turn  is  actuated  by  the  solenoid.  Electric  im- 
pulses from  an  external  interval-timing  circuit  (the 
Navy  K-2  intervalometer  powered  by  the  ship’s  bat- 
tery) operate  the  solenoid  and  thus  determine  the 
pattern  of  the  barrage. 

Manual  control  of  bomb  releases  is  also  avail- 
able. A lever  installed  in  the  front  of  the  ship  can 
be  used  to  trip  the  escapement  mechanism  by  way 
of  an  interconnecting  cable. 

10.23.3  Arming  Mechanism 

Arming  is  initiated  in  some  of  the  fast-sinking 
depth  charges  by  removing  a small  plug  soldered 


into  the  fuze  in  the  nose  of  the  projectile.  A plug- 
removing  wrench  is  attached  to  each  of  these  plugs 
when  the  projectile  is  mounted  in  the  bomb  rack 
(see  Figure  25).  A cable  connects  the  arm  of  each 
wrench  to  a cam-actuated  lever.  The  associated  cams 
and  cam  shaft  are  controlled  by  the  escapement 
mechanism  (see  Figure  26).  Timing  is  so  adjusted 
that  just  prior  to  the  release  of  a particular  pro- 
jectile the  arm  of  the  appropriate  wrench  is  jerked 
upwards.  This  action  tears  out  the  soldered  plug. 

Some  of  the  fast-sinking  depth  charges  require 
the  removal  of  an  arming  wire  to  effect  arming.  This 
is  readily  accomplished  by  connecting  the  loop  in 
the  arming  wire  to  the  arming  cable. 
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Depth-Charge  Inteiualometer 

The  depth-charge  iutenmlometer  is  an  electronic- 
ally operated  timing  mechanism  for  surface  craft  use 
in  releasing  depth  charges  and  firing  depth-charge 
projectors.  It  may  also  be  used  to  actuate  the  dis- 
charge of  signals  for  manually  operated  depth-charge 
tracks  or  projectors.  The  instrument  automatically 
lays  a complete  depth-charge  pattern  properly  ad- 
justed for  the  range  rate,  which  is  manually  inserted 
in  the  inten'alorneter  up  to  the  time  of  firing.  The 
available  sizes  and  types  of  pattern  depend  upon  the 
kind  and  number  of  tracks  and  projectors  connected 
to  the  control  circuits.  These  circuits  are  gox^erned  by 
a multichannel  rotaiy  selector  switch  which  is  the 
essential  feature  of  the  inten>alometer.  The  operation 
of  this  unit  is  controlled  by  the  action  of  a gaseous  dis- 
charge tube  associated  with  a resistor-capacitor  cir- 
cuit, whose  time  constant  is  controlled  by  the  inserted 
value  of  range  rate.  The  dexnce  was  developed  by 
CUDWR-XLL. 


10.24  INTRODUCTION 

The  use  of  closely  spaced  patterns  of  fast-sinking 
depth  charges  from  surface  craft  imposes  demands 
on  the  release  gear  not  likely  to  be  fulfilled  by  man- 
ual operation.  Automatic  release  of  charges  from 
conventional  tracks  and  projectors  improves  the 
shape  of  the  pattern  and  the  probability  of  success 
in  the  attack.  As  existing  interval  timers  of  the  air- 
craft type  were  not  suitable  for  surface  craft  use, 
the  electronic  timer  called  the  depth-charge  inter- 
valometiR;  was  developed. 

*0^  DEVELOPMENT 

The  first  nuxlel  was  battery-operated  and  limited 
to  an  18-charge  pattern.  It  was  used  successfully  to 
demonstrate  the  accuracy  and  flexibility  of  an  inter- 
valometer  for  laying  depth-charge  patterns,  l ime 
of  release  was  determined  by  a multiple-position 
rotary  switch  of  the  type  used  in  automatic  tele- 
phone circuits  with  its  stepping  magnet  actuated 
by  a pair  of  interlocked  relays.  I'lie  timing  pulse 
to  the  relays  was  provided  by  a variable  resistor- 
capacitor  netwf)rk  together  with  a cold  cathode  dis- 
charge tube. 

A second  nuxlel  was  constructed  to  operate  on 
115  v direct  current  which  eliminated  the  need 


Figure  27.  Front  view  of  intervalomcter. 

for  batteries.  It  provided  31  external  firing  circuits 
in  a manner  similar  to  the  first  model. 

Since  d-c  regulation  aboard  ship  is  poor  and  since 
the  trend  in  new  ship  construction  is  toward  alter- 
nating current,  it  was  decided  to  design  the  final 
model  for  a-c  operation.  Furthermore,  it  was  de- 
cided to  base  the  timing  cycle  on  range  rate  instead 
of  ship’s  speed,  so  that  the  projectile  discharge  rate 
would  be  independent  of  own-ship’s  motion. 


Figure  28.  Intel  ior  view  of  iiilervalometer. 
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10  26  FINAL  DESIGN 

Views  of  the  final  model  of  the  depth-charge  in- 
tervalometer  are  shown  in  Figures  27  and  28.  llie 
heart  of  the  unit  is  the  25-position  six-bank  rotary 
selector  switch  which  can  be  seen  in  Figure  28.  d his 
switch  connects  the  electric  firing  circuits  to  the 
various  tracks  and  projectors  at  the  correct  time 
and  in  proper  sequence.  The  other  elements  con- 
trol the  operation  of  the  selector  switch  and  pro- 
vide certain  safety  features. 

Pushing  the  firing  button  causes  the  contact  arms 
of  the  selector  switch  to  move  at  once  to  the  first 
contact  and  then  advance  at  regular  intervals  to 
subsequent  contacts.  The  time  interval  between  con- 
tacts is  determined  by  a resistor-capacitor  combi- 
nation in  conjunction  with  a gaseous  discharge  tube. 
The  operator  selects  the  combination  appropriate 
to  the  range  rate  at  the  moment  so  that  the  result- 


ing spacing  with  respect  to  the  submarine  is  10  yd 
for  side-track  launched  depth  charges  and  40  yd  for 
those  launched  from  stern  tracks  and  from  pro- 
jectors. 

Other  switches  are  available  to  enable  the  oper- 
ator to  select  the  bank  of  projectiles  to  be  dis- 
charged and  the  number  of  charges  to  be  used  in 
a particular  barrage. 

An  electric  circuit  drawing  of  the  intervalometer 
and  a detailed  explanation  of  its  operation  may  be 
found  in  the  completion  report  on  the  device.^ 

J027  CONCLUSION 

Two  units  of  the  depth-charge  intervalometer  were 
constructed  and  delivered  to  the  Bureau  of  Ord- 
nance. One  of  these  was  installed  under  NDRC 
supervision  aboard  the  USS  Ashville  for  use  in  sea 
trials  under  the  direction  of  ASDevLant. 


Hydrostatically  Detonated  Exploder 


The  hydrostatically  detonated  exploder  dexieloped 
by  CUDWR-NLL  is  a device  which  explodes  with 
hydrostatic  pressure  at  an  approximate  depth  of 
4,000  ft  about  61/2  min  after  entering  the  water.  It 
comprises  a cylinder  loaded  with  TNT,  a hydrostati- 
cally armed  and  fired  fuze,  a sea-water  battery,  and  a 
tail.  It  can  be  launched  from  airships,  aircraft,  surface 
vessels,  or  underwater  craft. 


10.28  INTRODUCTION 

In  connection  with  the  experimental  investiga- 
tions of  the  Woods  Hole  Oceanographic  Institu- 
tion in  long-distance  underwater  sound  transmis- 
sion, a need  arose  for  devices  to  generate  explosions 
at  depths  of  several  thousand  feet  beneath  the  sur- 
face of  the  ocean.  The  hydrostatically  detonated 
exploder  [HDE]  described  below  is  the  first  design 
in  a program  undertaken  to  develop  a special  type 
of  ordnance  for  such  work. 

Satisfactory  performance  was  obtained  from  the 
first  group  of  15  HDE  test  units  constructed.  Ar- 
rangements were  then  made  with  a manufacturer 
for  the  construction  of  110  additional  units  to  be 
used  for  further  test  and  experimental  work  by  the 
Bureau  of  Ships  and  the  Bureau  of  Ordnance.  Fu- 


Figure  29.  Hydrostatically  detonated  exploder. 

ture  plans  for  the  laboratory  program  call  for  devel- 
opment of  a multiple-unit  type  of  exploder  with 
controllable  time  intervals  between  successive  ex- 
plosions. 

10.29  DESCRIPTION  OF  DESIGN 

The  present  design  of  the  HDE  consists  of  a 
body,  fuze,  and  tail.  These  parts  are  shown  in  the 
assembled  and  exploded  views  of  Figure  29.  The 
fuze  is  attached  to  the  body  of  the  exploder  by 
engaging  six  10/32-in.  socket-headed  Allen  screws. 
The  fact  that  the  fuze  is  detachable  facilitates  ship- 
ping and  permits  insertion  of  the  booster  at  the  final 
point  of  assembly.  The  tail  section  is  fastened  to 
the  opposite  end  of  the  body  by  a coarse-threaded 
plug  which  forms  a part  of  the  tail  section.  The  en- 
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lire  unit,  when  assembled,  is  21^4  di.  long,  weighs 
approximately  121/4  lb,  and  withstands  pressures 
of  3,000  psi  without  damage. 

Body 

The  body  of  the  exphxler  is  lli/o  in.  long  and 
fdletl  with  4 lb  of  I N I'.  One  end,  recessed  to  ac- 
commcKlate  the  booster  end  of  the  fuze,  also  incor- 
porates a watertight  cell  between  fuze  and  body, 
riie  other  end  of  the  body  has  a threaded  hole  to 
accommodate  the  tail  section  and  to  permit  load- 
ing of  the  body  with  molten  explosive. 

Tail  Assembly 

The  tail  assembly  is  a split-vein  construction  with 
a spoiler  ring  on  its  upper  end.  This  assembly  is 
fastened  to  a hexagon-shaped  plug  which  is  threadetl 
into  the  filler  hole  of  the  exploder. 

Fuze 

The  fuze  is  armed  and  fired  by  hydrostatic  pres- 
sure. Removal  of  a safety  wire  permits  operation 
of  the  arming  mechanism  when  external  pressure 
is  applied  to  a copper  bellows.  Idiis  bellows  is  at- 
tached to  a yoke  supported  by  two  helical  coil 
springs.  The  springs  are  brought  under  compres- 
sion as  the  bellows  is  elongated  by  increasing  pres- 
sures. Compression  of  the  two  springs  and  elonga- 
tion of  the  bellows  require  approximately  1,000  psi 


to  permit  sufficient  motion  of  the  combination  to 
release  the  safety  shutter.  This  shutter  contains  the 
detonating  cap,  electric  closing  contact,  and  lock- 
ing detent  for  the  armed  position.  The  travel  of 
the  shutter  is  approximately  i/o  in.  When  locked  in 
the  armed  position,  the  detonating  cap  is  in  line 
with  the  detonating  train. 

I’he  detonating  sequence  is  performed  at  a pres- 
sure of  approximately  2,()()()  psi  (±10  per  cent). 
This  pressure  shears  one  of  the  two  special  alloy 
diaphragms  which  are  placed  over  the  metering  ori- 
fices entering  the  sea-cell  cavity.  Two  diaphragms 
and  two  separate  metering  orifices  are  used  to  in- 
sure more  accurate  control  of  the  detonating  depth, 
since  any  damage  to  the  shearing  surface  of  a meter- 
ing orifice  increases  its  detonating  depth  an  appre- 
ciable amount.  (Similar  aj)plications  of  this  type  of 
diaphragm  and  metering  orifice  can  be  found  in  the 
safety  control  mechanisms  of  all  commercial  gas 
cylinders  and  fire  extinguishers.) 

Battery 

The  sea  water-activated  battery  is  sealed  in  a 
pressure-proof  chamber.  \V4ien  the  exploder  has 
reached  sufficient  depth,  hydrostatic  pressure  shears 
the  special  diaphragms  and  admits  water  to  the  sea- 
cell cavity.  Thus  activated,  the  sea  cell  fires  the 
electric  ca])  and  detonates  the  main  charge  of  the 
exploder. 
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Mark  V Float  Light 

The  Mark  V float  light  for  use  with  the  magnetic  min.  The  light  has  an  impact-type  firing  mechanism 
airborne  detector  is  a cylindrical  projectile  which  and,  while  burning,  floats  vertically  in  the  water,  tip- 
may  be  dropped  from  a blimp  to  mark  suspected  tar-  ping  as  the  flare  material  is  consumed,  but  remaining 
get  location.  Enclosed  in  the  body,  which  is  3 in.  in  sufficiently  vertical  to  complete  the  burning  period, 
diameter  and  19  in.  long,  is  a single  pyrotechnic  col-  It  was  developed  by  the  Columbia  University  Divi- 
urnn  loJiich  has  a burning  time  of  approximately  15  sion  of  War  Research  at  Neiu  London. 


INTRODUCTION 

TNevelopment  of  the  magnetic  airborne  detector 
Ly  [MAD]*^  and  later  the  expendable  radio  sono 
buoy  [ERSB]b  created  a need  by  the  Navy  for  two 
new  types  of  float  lights  to  supplement  the  Mark  IV 
then  in  service.  One  of  these  was  needed  for  use  with 
MAD  for  marking  the  location  of  a suspected  target 
during  brief  tactical  maneuvers  of  the  searching  air- 
craft. The  other,  required  for  ERSB,  was  for  use 
as  a marker  during  the  buoy’s  operating  life  of 
approximately  2 hours. 

The  Mark  IV  was  being  used  with  MAD  at  the 
time  but  its  burning  time  was  not  sufficient  for  a 
blimp  to  circle  and  return  to  the  target  area  after 
dropping  a flare.  However,  its  performance  in  other 
respects,  namely  launching,  flight,  ignition,  and  vis- 
ibility, were  satisfactory.  There  was  no  float  light 
available  which  was  considered  usable  with  ERSB. 

As  a result  of  these  requirements,  the  Mark  V 
and  Mark  VI  float  lights  were  developed  for  use 


a Described  in  Division  6,  Volume  5. 
b Described  in  Division  6,  Volume  14. 


with  MAD  and  ERSB  respectively.  To  facilitate 
presentation  of  the  material  in  this  report  each 
model  will  be  covered  separately.  This  section  de- 
scribes the  Mark  V light. 

^*2  DEVELOPMENT 

In  developing  the  first  Mark  V float  lights,  the 
original  Mark  IV  was  employed  as  a basic  design. 
The  3-in.  diameter  of  the  Mark  IV  was  retained; 
however  its  length  was  increased  from  13  to  19  in. 
to  accommodate  additional  flare  material  which  it 
was  believed  would  give  the  desired  15-min  burning 
time.  This  also  raised  the  weight  from  2 to  4 lb. 

The  first  Mark  V lights  produced  a large  per- 
centage of  duds  due  to  inconsistent  ignition.  At  the 
time,  it  was  felt  that  this  was  due  entirely  to  faulty 
Ignition  mechanism  and  a method  of  electric  igni- 
tion was  designed. 1 However,  later  experiments  in- 
dicated that  poor  flight  characteristics  were  the  real 
source  of  the  trouble.  The  water-impact  type  of 
ignition  used  in  the  Mark  V lights  depends  entirely 
upon  almost  head-on  contact  between  the  nose  of 
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the  light  and  the  water  surtace,  so  that  water  at 
high-iinpaet  pressure  can  enter  the  opening  in  the 
nose  and  drive  the  ignition  piston  against  the  prim- 
ing cap.  As  the  original  Mark  was  striking  the 
water  at  all  angles,  it  was  impossible  to  expect  con- 
sistent ignition. 

.After  the  llight  characteristics  had  been  improved 
by  installing  a flat  nose  on  the  light  in  place  of  the 
original  pointed  type,  more  tests  were  made  with 
the  impact-type  ignition  and  satisfactory  results  were 
obtained  immediately.  Accordingly,  this  type  of  ig- 
nition was  incorporated  in  the  final  design  which 
is  shown  in  Figure  1. 

I'ools  were  then  made  for  die-casting  the  flat  nose, 
and  a prixluction  run  of  Mark  V float  lights  for 
further  testing  was  supplied  by  a commercial  manu- 
facturer. I'he  lights  were  tested  by  several  different 
groups,  all  of  whom  arrived  at  similar  findings.  Per- 
formance efficiency  was  approximately  85  per  cent, 
average  ignition  time  was  44  sec,  average  burning 
time  was  12  min,  and  the  flight  characteristics  were 
excellent. 

It  was  noticed  in  these  tests  that  a few  of  the 
lights  exploded  on  the  surface  of  the  water  after 


they  had  ignited.  1 his  and  the  fact  that  they  w'ere 
floating  (juite  low  in  the  water  was  discussed  with 
the  manufacturer,  who  analyzed  the  difficulty  and 
turnished  the  New  London  Laboratory  with  another 
test  (juantity  which  had  been  modified  slightly  in 
internal  construction,  and  in  which  the  nose  weight 
had  been  decreased  slightly. 

RESULTS 

1 he  lights  thus  modified  were  tested  immediately 
with  the  following  results:  100  per  cent  successful 
ignition;  95  per  cent  successful  burning;  average 
ignition  time,  20  sec;  average  burning  time,  14.7 
min;  air  flight  excellent;  and  floating  position  sat- 
isfactory. 1 hese  tests  were  made  from  a plane  travel- 
ing 125  mph  at  altitudes  ranging  from  250  to  4,000 
ft. 

Evidence  produced  by  tests,  together  with  dem- 
onstrations before  interested  naval  personnel,  re- 
sulted in  Navy  acceptance  of  the  Mark  V.  Accept- 
ance, however,  was  accompanied  with  a recpiest  that 
the  ignition  time  be  reduced  from  20  sec,  if  possible. 
It  has  since  been  cut  to  15  sec. 


Mark  VI  Float  Light 

The  Mark  IT  float  light  is  an  aircraft-launched  float  match  ignited,  and  arranged  to  burn  consecutwely. 
light  used  to  mark  the  position  of  expendable  radio  The  Mark  VI  burns  for  10  to  50  min  but  otherwise  has 
sono  buoys.  Essentially,  it  is  a group  of  Mark  V float  the  same  burning  characteristics  as  the  Mark  V.  It  loas 
lights  mounted  in  a single,  square,  oblong  unit,  pull-  developed  by  the  CUDWR  at  Xeiu  London. 


SECTION  A-A 


FRONT  END  VIEW  WITH 
NOSE  PIECE  REMOVED 


I'Ka  RK.  2.  Cross  section  of  Mark  \’l  Moat  light  as  finally  designed. 


SECTION  B-B 

FUZE  FOR  N0.I- 
PYRO -TECHNIC 
COLUMN 


DEVELOPMENT 

Since  the  Mark  V was  the  only  float  light  in  j)ro- 
duction  with  acceptable  smoke  and  light  properties, 
it  was  employed  as  the  basic  design  unit  in  pro- 
ducing the  Mark  VI.  In  the  initial  trials,  four  15- 
min  candles  such  as  are  used  in  the  Mark  V were 


incorjK)rated  in  both  dummy  and  live  wood  models 
which  were  suitable  for  launching  from  an  aircraft. 

Lhese  models,  in  various  body  shapes  with  and 
without  tail  assemblies,  and  several  with  parachutes, 
were  given  extensive  static  dropping  tests  from 
New  London  Bridge  into  the  Thames  River.  1 hese 
tests  resulted  in  the  further  developments  of  two 
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models,  one  a square,  oblong  body  without  a tail 
assembly,  the  other  a round  body  with  a tail  as- 
sembly similar  to  that  of  the  Mark  V.  Although 
the  latter  model  had  somewhat  better  flight  char- 
acteristics, it  was  decided  that  the  advantage  did 
not  justify  the  more  complicated  structure. 

A subsequent  design,  supplied  by  a commercial 
manufacturer,  consisted  of  a square  oblong  wood 
body  built  up  of  three  thicknesses,  with  suitable 
holes  for  the  four  candles  and  a metal  nose  for 
the  impact  ignitors.  Tests  of  these  units  showed 
burning  periods  up  to  66  min  but  indicated  that 
the  unit  was  subject  to  “crossover”  trouble,  i.e.,  the 
candle  which  was  burning  ignited  an  adjacent  one 
prematurely  through  the  glued  joint  between  the 
wood  sections  of  the  body. 

The  design  was  modified  to  incorporate  four  wood 
sections  glued  together  with  a candle  hole  drilled 
in  each.  Tests  of  samples  of  this  design  showed 
that  the  crossover  difficulty  had  been  remedied  but 
that  some  failures  resulted  because  of  inadequate 
sealing  of  the  nose  to  the  body.  Another  fault  was 
the  failure  in  transfer  of  ignition  from  the  starter 
mixture  to  the  pellet  at  the  top  of  each  candle. 
These  difficulties  were  remedied  in  subsequent  units. 

In  all  the  original  Mark  VI  float  lights,  impact 
ignitors  were  used  to  fire  the  fuze  to  the  first  candle. 
The  four  candles  have  interconnecting  fuzes  at  the 
nose  end  of  the  body.  Upon  ignition  the  internal 
pressure  in  the  candle  chamber  expels  a perforated 
metal  cap  which  is  held  in  place  by  wax  at  the  tail 
end  of  the  body.  The  flame  of  the  burning  candle 
melts  the  wax  holding  the  metal  caps  of  the  re- 
maining candles  which  are  burned  successively. 
Tests  with  the  marker  thus  equipped  indicated  that 
under  normal  floating  conditions  water  was  apt  to 
dislodge  these  caps,  enter  the  chamber,  and  impair 
operation  of  the  light.  It  was  found  that  a piece 
of  adhesive  tape  somewhat  larger  than  the  metal 
cap  and  placed  over  the  cap  held  it  in  position  and 
prevented  access  of  water  to  the  unburned  candles. 

Further  laboratory  tests  of  the  light,  thus  altered, 
led  to  the  belief  that  the  Mark  VI  would  give  sat- 
isfaction under  normal  conditions  of  usage. 

115  PULL-MATCH  IGNITION  FOR 
THE  MARK  VI 

However,  when  quantities  of  the  Mark  VI  lights 
began  to  reach  various  operating  units  of  the  Atlan- 


tic Fleet,  they  were  used  for  various  purposes  in 
addition  to  the  one  for  which  they  were  originally 
designed,  and  were  launched  from  many  types  of 
air  and  surface  craft.  Launching  speeds  and  heights 
varied  widely  and,  since  the  light  depended  for 
ignition  upon  hitting  the  water  nose  first,  a large 
percentage  of  them  failed  to  function. 

To  correct  this  situation,  a pull-match  type  of 
ignition^  was  tested  and  adapted  to  the  Mark  VI 
float  light  by  the  New  London  Laboratory. 

Design 

In  the  Mark  VI  thus  converted,  two  standard 
Ensign  Bickford  pull  matches  are  used  to  ignite  the 
fuze  to  the  first  candle  as  shown  in  Figure  2.  The 
metal  nose  cap  containing  the  impact-fired  caps  is 
replaced  by  a blank  nose  cap  which  is  made  water- 
tight with  hot  pitch  and  fastened  to  the  body  of  the 
light  with  four  small  nails.  This  precludes  any  pos- 
sibility of  water  leaking  in  at  the  bottom.  A hole 
is  drilled  through  the  full  length  of  the  body  at  the 
center  to  accommodate  the  pull  matches  and  pull 
wires.  Into  the  top  of  this  hole  is  fitted  a plug  hav- 
ing two  openings  just  large  enough  to  allow  the 
pull  wires  to  pass  through.  Pull  rings  are  fastened 
to  the  wires  and  left  in  position  to  be  readily  avail- 
able during  launching  operations.  These  rings  are 
covered  with  tape  to  prevent  accidental  ignition 
during  handling  and  shipping.  Burning  character- 
istics duplicate  those  of  the  Mark  VI  with  impact 
ignition. 

Launching 

\Vhen  launching  Mark  VI  float  lights  from  air- 
craft, the  adhesive  tape  over  the  pull  rings  is  re- 
moved and  the  rings  are  attached  to  one  end  of  a 
light  static  line.  The  other  end  of  the  static  line  is 
fastened  to  some  secure  point  inside  the  aircraft. 
The  line  must  be  of  sufficient  length  to  permit  the 
light  to  clear  the  ship  before  the  rings  are  pulled. 

To  launch  a Mark  VI  light  from  surface  craft 
it  is  necessary  only  to  pull  the  rings  manually  and 
throw  the  light  overside.  This  method  also  may  be 
used  in  aircraft  where  extreme  haste  is  required. 

Conclusion 

Full-match  ignition  has  proven  applicable  to  the 
Mark  VI  float  light  because  its  operation  is  not 
affected  by  the  altitude  and  speed  of  aircraft,  the 
position  of  launching,  the  stability  of  air  flight,  or 
the  angle  of  entry  into  the  water.  The  same  unit 
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can  be  used  successfully  from  surface  craft  as  well 
as  from  aircraft. 

*16  modified  mark  VI  FLOAT  LIGHT 

Although  the  square,  pull-match  type  Mark  \’l 
gave  acceptable  performance,  efforts  were  made  later 
toward  design  of  a float  light  with  a round  bcxly, 
capable  of  being  projected  from  launching  tubes  in 
naval  aircraft.^  Specific  requirements  also  called  for 
longer  burning  time  and  less  weight.  Development 
consisted  largely  of  modifying  the  square  Mark  V'l 
so  that  it  woidd  conform  to  these  requirements. 

Although  results  of  first  tests  were  satisfactory  so 
far  as  launching  and  initial  ignition  were  concerned, 
the  average  burning  time  was  not  up  to  expecta- 


tions. rile  flare  was  so  limited  in  size  by  having 
to  fit  inside  a standard  launching  tube  that  the  in- 
tense heat  generated  by  the  first  and  second  pyro- 
technic columns  could  not  be  dissipated  readily. 
This  resulted  in  pre-ignition  (if  the  third  and  fourth 
columns.  All  attempts  to  insulate  the  columns  from 
each  other  met  with  failure.  However,  the  situa- 
tion was  corrected  by  changing  to  a starting  com- 
pound having  a higher  ignition  temperature. 

Although  indications  during  development  pointed 
to  achievement  of  the  specified  requirements,  work 
was  not  completed  by  the  laboratory  because  of  a 
decision  of  the  Navy  to  eliminate  launching  tubes 
in  naval  aircraft,  thus  removing  any  need  for  the 
modified  Mark  VI  float  light. 


Pneumatic 

The  pneumatic  projectors  are  dexnces  designed  to 
fire  float  lights  from  blimps  and  from  airplanes  by 
means  of  the  release  of  compressed  air.  Each  type  of 
projector  consists  of  a pressure  regulating  system,  a 
charge  valve  and  chamber,  and  a firing  trigger  which 
releases  the  air.  The  projectors  may  be  azimuth- 
trained  about  the  gun  pivot  bolt.  Both  projectors 
were  dex>eloped  by  CUDWR-XLL. 


*'7  INTRODUCTION 

During  one  phase  of  antisubmarine  activity,  de- 
sire was  expressed  by  the  Navy  for  a means  of  achiev- 
ing vertical  descent  for  float  lights  to  mark  as  nearly 
as  possible  the  exact  point  of  maximum  indication 
on  the  magnetic  airborne  detector  [MAD].  I'his  end 
was  met  with  the  development  of  two  types  of  pneu- 
matic launching  tubes  for  use  with  lighter-than- 
air  craft  and  heavier-than-air  craft  respectively. 
Although  launching  tubes  were  finally  removed 
from  naval  aircraft,  they  are  reported  to  have  given 
valued  assistance  in  the  field  prior  to  their  elimi- 
nation. 

Both  types  developed  by  the  laboratory  were 
capable  of  ejecting  Mark  V float  lights  at  relative 
veh^cities  equal  to,  and  opposite  in  direction  to,  the 
velocity  of  the  launching  craft.  In  this  manner  rea- 
sonably vertical  flight  was  achieved  by  canceling 
the  forward  velocity  of  the  lights  relative  to  the 
water,  thus  making  possible  their  initial  water  con- 
tact at  the  point  indicated  by  the  MAI)  response. 


Projectors 


FuaiRE  3,  Cross  section  of  pneumatic  projector  for  the 
Mark  V float  light  (for  use  on  blimps). 


*>8  DEVELOPMENT 

In  designing  pneumatic  launching  tubes  for  float 
lights,  the  basic  problem  faced  was  that  of  over- 
coming and  canceling  out  variable  projectile  veloci- 
ties ranging  as  high  as  85  mph  with  blimps  and  230 
mph  with  airplanes.  Even  though  fulfilment  of  these 
specifications  would  theoretically  make  possible  a 
practically  vertical  drop,  other  limitations  interfere 
with  complete  nullification  of  the  velocity  and  mo- 
tion of  the  launching  craft.  Rolling,  j^itching,  and 
yawing  of  the  craft  caused  by  wind  at  the  moment 
of  firing  affect  accuracy  of  placement  to  a much 
greater  extent  than  any  of  the  other  limitations. 
Fhe  o])erator’s  skill  in  aiming  so  as  to  compensate 
for  the  motion  of  the  craft  is  another  variable  fac- 
tor. Similarly,  the  experience  of  the  MAD  operator 
in  anticipating  the  duration  and  strength  of  the 
signal  before  firing  the  projector  limits  the  degree 
of  success  in  placement. 

Launching  Dexnces.  The  first  projector  designed 
for  use  with  the  Mark  V float  light,  a spring-oper- 
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Figure  4.  Schematic  diagram  of  pneumatic  projector  assembly  for  blimps. 


ated  gun,  proved  dangerous  to  handle  and  too  low- 
powered  for  speeds  above  40  mph.  These  and  other 
mechanical  design  problems  involved  suggested  the 
alternative  investigation  of  a pneumatic-type  pro- 
jector. Carbon  dioxide,  nitrogen  and  air,  and  com- 
pressed air  were  tried  as  propellants,  the  latter  being 
found  most  satisfactory.  Initial  calibration  of  the 
speed  indicator  was  made  by  firing  projectiles  from 
the  projector  mounted  on  the  ground,  with  the  re- 
sult that  the  projectile  was  affected  by  air  resistance. 
In  actual  use  the  projectile  velocity  at  a given 
charge-chamber  pressure  is  higher,  because  not  only 
is  there  no  decrease  in  projectile  velocity  due  to 
air  resistance,  but  there  is  an  increase  due  to  the 
slip  stream  of  the  ship.  Calibration  of  the  equip- 
ment could  be  corrected,  it  was  believed,  under 
conditions  of  actual  use.  To  reduce  placement  er- 
rors due  to  wind  effect  on  the  initial  stage  of  flight 
of  a free-falling  projectile,  provision  was  made  for 
a 20-degree  declination  of  the  gun.  Remote  firing 
control  was  also  installed  to  enable  the  MAD  opera- 
tor to  fire  the  gun  at  the  exact  moment  of  maximum 
MAD  detection. 

Design  for  Blimps.  The  final  design  of  the  pneu- 
matic flare  gun  for  blimps^  is  shown  in  cross  section 
in  Figure  3.  Figure  4 is  a schematic  diagram  of  the 
complete  assembly.  Rotation  of  the  projector  and 
its  mounting  plate  about  the  gun  pivot  bolt  pro- 
vides azimuth  training.  A spring-loaded  ball  sys- 


tem holds  the  float  light  in  position  until  it  is  fired. 
The  pressure  regulator  is  adjusted  until  the  speed 
indicator  needle  points  to  the  figure  equal  to  the 
ship’s  ground  speed,  thus  insuring  that  the  pressure 
is  sufficient  to  irnpart  to  the  flare  an  initial  velocity 
equal  to  that  speed.  The  charge  valve  when  opened 
admits  air  at  the  proper  pressure  to  the  charge  cham- 
ber. Then,  when  the  firing  trigger  is  depressed,  air 
is  admitted  into  a large-diameter,  small-volume  fir- 
ing chamber.  The  firing  chamber  actuates  a poppet 
valve  in  the  charging  chamber  to  release  the  air, 
which  expels  the  flare.  If  the  air  supply  tank  is  filled 
with  dry  air  at  a maximum  allowable  pressure  of 
2,000  psi,  about  25  projectiles  can  be  discharged  at 
45  mph. 

Design  for  Airplanes'.  The  design  of  the  pneu- 
matic projector  for  use  by  heavier-than-air  craft^ 
is  similar  to  that  of  the  flare  gun  for  blimps,  except 
that  the  greater  energy  called  for  necessitates  an 
increase  in  length  of  barrel,  volume  of  charge  cham- 
ber, air  pressure,  and  capacity  of  recoil  mechanism. 
Preliminary  experiments  were  largely  concerned 
with  the  problem  of  obtaining  a satisfactory  air  seal 
between  the  barrel  wall  and  the  float  light  at  the 
time  when  the  air  propulsion  charge  is  released. 
Several  materials  were  tried  for  air  sealing.  The  best 
combination  found  was  a i/^-in.  thickness  of  Celo- 
tex  and  a i/4-in.  thickness  of  plywood,  placed  with 
the  plywood  against  the  nose  of  the  float  light,  which 
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faces  aft  when  loaded  in  the  gun.  \Vhcn  a solid  air 
seal  is  used  with  an  impact  ignition  device,  the 
float  light  ignites  in  the  usual  manner  upon  impact 
with  the  water  surface.  Another  type  of  air  seal, 
which  has  a i/^-in.  diameter  hole  in  the  center,  is 
used  to  cause  ignition  wdthin  the  gun  barrel.  In  this 
case,  air  upon  sudden  release  from  the  charge  cham- 
ber is  forced  through  the  hole  immediately  before 
the  float  light  is  discharged,  and  operates  the  igni- 
tion device. 

In  preliminary  tests  it  w^as  found  necessary  when 
operating  at  altitudes  of  50  to  75  ft  to  ignite  the 
float  light  inside  the  gun,  because  these  altitudes 
did  not  allow  time  for  it  to  reach  a velocity  high 
enough  to  set  off  the  impact  ignition  device  when  it 
hit  the  \vater.  Igniting  the  float  light  inside  the 
gun  possesses  the  added  advantage  of  eliminating 
the  falling  time  delay  in  starting  the  float  light  fuze. 

The  flare  gun  assembly  for  airplanes  operates  in 
a similar  way  to  the  blimp  flare  gun.  When  the 
tank  is  filled  with  dry  air  at  a maximum  allowable 
pressure  of  1,800  psi,  about  38  float  lights  can  be 
discharged  at  ground  speeds  of  150  mph,  or  24  at 
200  mph. 

»» 9 PERFORMANCE  AND  CONCLUSIONS 

In  the  case  of  the  pneumatic  projectors  developed 
for  discharging  Mark  V float  lights  from  blimps  and 
airplanes,  only  approximately  satisfactory  results 
have  been  obtained.  Extreme  placement  accuracy 
can  be  obtained  principally  by  a greater  degree  of 
control  of  the  overall  motion  of  the  ship.  An  addi- 
tional degree  of  accuracy  may  be  achieved  by  a 
more  accurate  calibration  of  the  speed  indicator 
under  conditions  of  actual  use  and  by  more  experi- 
ence on  the  part  of  personnel  in  the  operation  of 
both  the  flare  gun  and  the  MAI)  equipment. 

Underwater  Flares  for  Antisubmarine 
Operations 

The  underwater  flares  for  nighttime  antisubmarine 
operations  may  be  launched  fro?n  aircraft  or  surface 
craft  to  burn  under  water  for  2i/2  min,  thus  silhouet- 
ting enemy  submarines  submerged  in  shallow  water. 
The  flares  comprise  essentially  an  ignitor  and  a flare 
mixture  encased  in  a ivater-resistant  material.  Devel- 
opment work  was  carried  out  by  CUDWR-NLL, 
UCDWIi,  and  NDRC  at  Wesleyan  University. 


Ficiiri.  f).  Uiulcrwjitcr  flare. 
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11  10  INTRODUCTION 

During  a period  when  enemy  submarines  were 
operating  off  the  Atlantic  Coast  of  the  United  States, 
the  development  of  underwater  flares  was  under- 
taken as  an  aid  to  the  detection  of  submarines  at 
night.  Thus,  in  relatively  shallow  coastal  waters, 
the  submarine  might  be  located  by  its  silhouette. 
Later,  when  enemy  submarines  had  withdrawn  to 
deep  waters  where  underwater  flares  would  have 
been  useless,  the  project  was  discontinued.  The 
work  had  progressed  far  enough,  however,  to  indi- 
cate that  the  flare  composition  developed  was  sat- 
isfactory for  the  specified  application  and  that  the 
proposed  mechanical  design  was  operable.  Slight 
modification  in  the  mechanical  design  might  be 
found  desirable  during  final  testing. 

11  11  PRELIMINARY  INVESTIGATION 

Commercial  and  Aircraft  Parachute  Flares 

In  the  first  experiments,  tests  were  made  on  small 
commercial  movie  flares  having  a burning  time  in 
air  of  1 min  and  on  large  aircraft  parachute  flares 
with  a burning  time  in  air  of  3 min.  Both  types 
burned  irregularly  under  water,  with  a flickering 
light.  The  light  intensity  and  burning  time  de- 
creased markedly  at  the  lower  depths.® 

B-1  Star  Shell  Flares 

Flares  made  up  by  the  Bureau  of  Ordnance  with 
B-1  star  shell  formula  were  given  preliminary  tests. 
Some  were  clamped  in  frames  which  were  supported 
at  predetermined  depths  by  floats,  so  that  the  light 
intensity  of  the  flares  could  be  observed  at  different 
depths.  A horizontal  “flag”  simulating  a submarine 
was  towed  at  various  depths  over  the  area  illumi- 
nated by  the  flares.  Its  silhouette  was  visible  from 
immediately  above  and  out  to  angles  of  55  degrees 
from  the  vertical  and  from  altitudes  varying  be- 
tween 400  and  700  ft.  Clearest  silhouettes  were  ob- 
tained when  the  flag  was  near  the  surface,  but  even 
with  the  flag  at  a depth  of  60  ft  and  the  flare  at 
90  ft,  the  silhouette  was  visible.'^  However,  the  fact 
that  half  the  flares  failed  to  ignite  or  to  burn  under- 
water satisfactorily  indicated  the  need  for  a better 
ignition  device  and  an  improved  flare  mixture. 

Capacity-Type  Ignitors 

The  capacity  ignitors  with  which  experiments 
were  performed®  were  of  two  different  types:  one 


CHARGING 
POTENTIAL 
13  5 VOLTS 


Figure  6.  Schematic  diagram  of  impact-type  capacity 
ignitor  for  iintlerwater  flare, 

which  fires  upon  impact,  and  the  other  which  fires 
after  a definite  time  interval  following  release. 

The  mechanism  of  the  impact-type  capacity  ig- 
nitor, shown  schematically  in  Figure  6,  consists  of 
a main  capacitor  C-1,  a firing  capacitor  C-2,  a re- 
sistor R-1,  a charging  jack  J-1,  an  inertia  switch  S-1, 
and  a safety  jack  switch  S-2,  modified  so  that  the 
plunger  can  be  completely  withdrawn.  A 135-v  po- 
tential is  applied  to  C-1  through  J-1  shortly  before 
the  flare  is  dropped.  As  the  flare  is  released,  it  pulls 
the  plunger  of  S-2  and  the  charging  leads  by  means 
of  its  own  weight.  Switch  S-2  then  operates  to  open 
contacts  A and  B,  and  C and  D,  and  to  close  con- 
tacts B and  C.  This  allows  C-2  to  become  charged 
through  B and  C from  C-1,  R-1  providing  a “safe 
time”  of  about  2 sec  before  the  potential  is  built 
up  sufficiently  to  fire  the  squib.  As  the  flare  hits  the 
water,  S-1  operates,  and  the  squib  is  fired  by  dis- 
charge of  the  firing  capacitor. 

Other  designs  evolved  and  tested  were  a lanyard- 
pulled,  multiple-friction  ignitor  and  a time-delay 
type  of  capacity  ignitor  (Figure  7),  which  was  essen- 
tially the  same  as  the  contact  type  except  that  the 
inertia  switch  is  replaced  by  a neon  lamp  serving 
as  a potential  relay.  In  trials  of  Baldwin  B-1  flares 
with  capacity  ignitors,  only  66  per  cent  successful 
ignition  was  achieved.  It  was  believed  that  rela- 
tively high  humidity  conditions  might  have  affected 
the  primer  elements  to  such  an  extent  that  they 
would  not  burn  after  ignition  of  the  fuze.  Tests  of 
Baldwin  B-1  flares  with  lanyard-pull  ignitors  gave 


CONFIDENTIAL 


WESLEYAN  FLARE  DEVELOPMENT 


CHAKOING  POTENTIAL 
135  VOLTS 


CHARGING  PLUG  WHEN  INSERTED  IN 
J-l  ACTS  AS  SAFTY  PIN  ALSO 

Fuii  RK  7.  Sclicmaiic  diagram  of  time-delay  type  capacity 

ignitor  for  underwater  flare. 

consistently  successful  ignition,  but  the  flares  were 
all  extinguished  shortly  after  they  submerged,  sug- 
gesting some  fault  in  the  flare  material. 

*2  FLARE  DEVELOPMENT  AT 
WESLEYAN  UNIVERSITY 
Flare  Mixtires 

The  Wesleyan  group,  after  testing  93  flare  mix- 
tures, developed  a combination  known  as  the  Wes- 
leyan No.  47  mixture.’*'^''  I he  reliability  and  rela- 
tive effectiveness  of  the  H-1  star  shell  mixture  and  the 
Wesleyan  mixture  were  investigated  exhaustively. 
It  was  found  that  the  H-1  flare  must  burn  at  least 
15  sec  in  air  before  it  can  be  successfully  submerged. 
Otherwise  it  is  extinguished  in  water,  based  on  an 
average  of  20  flares  the  H-1  apparently  produced 
alK)ut  ()5,()0()  cp  when  sul)merged.  d'he  Wesleyan 
No.  47  flare  is  rated  at  only  (')(),()()()  cp  in  water,  but 
it  can  be  submerged  with  little  or  no  likelihood  of 
failure  as  soon  as  it  is  ignited. 

I'wo  formulas  of  the  No.  47  mixture  are  given: 


I 

Magnesium  (200  mesh)  16% 

Aluminum  (100  mesh  or  finer;  paint  flake 

or  scrap)  12% 

Harium  sulfate  (USP  “For  X-ray  diag- 
nosis”) 40% 

Harium  nitrate  (CP;  ground  to  200  mesh; 
dried  at  1 10  C before  use)  31% 
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Manganese  dioxide  (nati\e  pyrolusitc 


ground  to  200  mesh)  1% 

II 

Magnesium-aluminum  alloy  (50%  each 

metal;  ground  to  200  mesh)  27% 

Harium  sulfate  (s{)ecifications  as  above)  40% 

Harium  nitrate  (specifications  as  above)  32% 


Manganese  dioxide  (specifications  as  above)  1% 

14ie  No.  47  formula  has  the  advantages  of  safety 
from  accidental  ignition,  positive  ignition  by  primer, 
great  water  resistance,  and  slow,  sure  burning  when 
submerged.  Although  its  light  oiitj^ut  is  somewhat 
lower  than  that  of  the  H-1  mixture,  its  efficiency  in 
water  is  high.  It  does  not  seem  to  deteriorate  with  age 
and  is  not  ({uenched  in  water  when  the  flare  mass  is 
cold  (lowest  temperature  tested  —40  C). 

A disadvantage  of  the  No.  47  mixture,  on  the 
other  hand,  is  its  tendency  to  form  a solid  ash  cake, 
which  interferes  with  smooth  burning  in  water,  d’his 
fault  may  be  mitigated  to  some  extent  by  a suitable 
type  of  flare  casing.  A casing  which  disintegrates 
completely  as  the  flare  burns  offers  no  protection 
to  the  ash  cake,  which  consequently  is  dissipated 
as  soon  as  it  is  formed. 

Priming  Compositions 

From  previous  exj^erience  with  the  use  of  mag- 
nesium-sodium nitrate  mixtures  as  flash  powders, 
the  Wesleyan  group  believed  that  such  mixtures,  if 
slowed  by  a binder,  might  be  effective  primers  with 
match  ignition,  d'hey  therefore  prepared  and  tested 
the  following  mixture: 

Magnesium  (200  mesh)  38% 

Sodium  nitrate  (CP  200  mesh  dried)  57% 

Hoi  led  linseed  oil  5% 

Such  a mixture  packed  to  6,000  psi  burns  at  aj)- 
jjroximalely  0.2  in.  per  second,  and  hence  if  a i/^-in. 
cake  can  be  used,  it  will  Inirn  well  within  the  set 
time  limit  (the  flare  mass  to  be  ignited  2.7  sec  after 
firing).  It  was  thought  advisaljle  to  use  a first  and 
second  fire  primer,  the  first  fire  mixture  to  be 
“spiked”  with  meal  powder  to  insure  match  igni- 
tion, and  the  second  to  produce  a hotter  fire  to 
ignite  the  flare  cake.  14ie  above  mixture  was  there- 
fore used  as  second  fire  and  was  mixed  with  meal 
powder  to  form  the  first  fire,  as  follows: 

Meal  powder  25% 

Second  fire  75% 
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The  Problem  of  Aging 

With  the  use  of  heavy  paperboard  cases  and  high 
packing  pressures,  it  was  found  that  the  oil-bound 
flare  cakes  remain  rather  soft  for  a month  or  two. 
With  fairly  porous  cases  and  light  packing,  hard- 
ening is  much  more  rapid.  As  a result  of  tests  made 
on  samples  aged  for  1 month,  it  was  concluded  that 
age  does  not  produce  any  significant  change  in  burn- 
ing speed  or  efficiency  of  the  No.  47  composition, 
and  hence  fresh  flares  can  be  used  for  test  purposes 
with  the  expectation  of  valid  results.  Mechanical 
strength  varies  greatly  with  age,  however,  and  tac- 
tical tests  require  aged  and  hardened  flare  masses. 

11.13  performance  and  conclusions 

Sea  tests  of  the  underwater  flares  designed  by  the 
New  London  Laboratory  indicated  that  the  mechan- 
ical design  performed  satisfactorily,  and  that  elec- 
tric ignition  of  the  impact  or  time-delay  type. 

Navigational  Marker  Buoy 

The  navigational  marker  buoy  [AW^]  loas  an  ex- 
perimental beacon  for  night  operation  off  enemy 
shorelines.  After  being  launched  from  an  airplane, 
the  unit  was  to  submerge,  descend  to  the  ocean  bot- 
tom, remain  anchored  until  the  predetermined  time 
for  action,  then  rise  to  the  surface  and  display  its 
signal  light  to  offshore  observers.  Through  proper 
shielding  and  automatic  orientation,  the  light  was  to 
be  concealed  from  enemy  sentinels  inshore.  The  latest 
version  of  the  NMB  had  a large,  cylindrical  main  sec- 
tion resembling  a standard  300-lb  aerial  bomb.  At- 
tached to  the  lower  end  of  this  main  section  was  a 
short,  heavy,  detachable  anchor  cap.  An  extensible 
supporting  mast  in  the  main  section  was  designed  to 
erect  the  beacon  light  several  feet  above  the  surface  of 
the  sea  during  the  period  of  operation.  Located  zuith- 
in  the  main  section  were  ( 1 ) a pressure-actuated  szoitch, 
to  provide  for  detachment  of  the  anchor  cap  upon 
submergence  of  the  buoy,  (2)  a clock-operated  timing 
mechanism,  to  provide  for  surfacing  and  illumination 
at  the  proper  time,  and  (3)  the  necessary  batteries  to 
provide  power  for  the  light  and  detonating  currents 
for  two  blasting  caps  used  during  anchoring  and  sur- 
facing operations.  Experiments  on  the  NMB  were 
conducted  by  the  Armour  Research  Foundation. 


or  lanyard-pulled  multiple-friction-match  ignition 
served  to  ignite  the  flare.  Burning  of  the  B-1  flare 
mixture  used  was  unsatisfactory,  however. 

Laboratory  and  quarry  tests  conducted  by  the 
Wesleyan  group  indicated  that  the  Wesleyan  No. 
47  flare  mixture,  used  with  the  Wesleyan  primer 
cake,  burns  well  under  water  for  the  required  min- 
imum 2 1/4  min.  dliese  materials,  however,  were 
never  incorporated  in  a mechanical  design  for  tac- 
tical use  and  tested  operationally. 

As  a recommendation  in  the  event  of  further 
work,  the  Wesleyan  group  advises  the  use  of  a de- 
structible casing  to  insure  steady  burning  of  the 
flare,  e.g.,  a light  canvas  casing  coated  with  water- 
and  air-impervious  lacquer.  For  flight  stability,  un- 
coated canvas  flaps  may  be  allowed  to  hang  from 
the  trailing  end  of  the  flare.  To  give  strength  to 
the  flare  body,  a central  paperboard  tube  is  also 
recommended.  With  the  impact  type  of  ignition,  the 
fuze  from  igniter  to  primer  would  follow  the  chan- 
nel in  this  central  tube. 


Fici'ri.  8.  A.  Completed  buoy.  B.  Cnit  with  mast  raised. 
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In  November  1913.  it  appeared  evident  that  there 
would  be  a need  for  a marker  buoy  which  could  be 
established  on  an  enemy  coast  line  to  give  a visible, 
offshore,  nighttime  signal  without  disclosing  its  pres- 
ence to  inshore  observers.  Since  existing  eejuipment 
could  not  fdl  this  need,  the  nmfigntiotial  marker 
buoy  [NMH]  was  designed  and  several  experimental 
models  were  constructed. 

In  its  final  form,  as  shown  in  Figure  8,  the  NMH 
was  a bomb-shaped,  airplane-launched  buoy,  de- 
signed to  emit  a unidirectional  light  beam  with  any 
desired  orientation  over  a predetermined  time  in- 
terval. Its  major  components  were  a light-orienting 
unit  supported  on  a collapsible  mast,  a large,  cyl- 
indrical, buoyant  section  containing  the  timing 
mechanism  and  batteries,  and  a small,  detachable 
nose  section  utilized  as  an  anchor  after  the  buoy’s 
entry  into  the  water. 

The  intended  operating  sequence  was  as  follows: 
the  stabilizing  fins,  which  guide  the  buoy’s  aerial 
flight,  were  discarded  as  the  buoy  submerged.  Simul- 
taneously, the  extending  mast  raised  the  light-orient- 
ing unit  above  the  main  section  of  the  buoy,  while 


Figure  9.  Buoy  heeling  in  cairn  sea,  light  on. 


the  detachable  anchor  fell  away  beneath  it.  After 
l)eing  moored  near  the  ocean  bottom  until  the  time 
selected,  the  buoyant  section  rose  to  the  surface  and 
the  light  beam  came  into  action  (see  Figure  9).  A 
compass-controlled  light  shiield  restricted  the  beam 
to  the  desired  direction,  regardless  of  the  buoy’s  ori- 
entation. 

The  very  high  percentage  of  failures  encountered 
in  performance  tests  make  it  evident  that  further 
developments  are  required  before  the  NMH  can  be 
of  value  in  tactical  operations.  The  most  frequently 
encountered  source  of  trouble  was  stoppage  of  the 
timer.  Increased  power  for  this  component  and  im- 
proved protection  against  corrosive  battery  fumes 
would  be  primary  objectives  if  tactical  considera- 
tions should  demand  resumption  of  development 
work. 

**  *5  EARLY  DEVELOPMENT 

The  original  design  requirements  called  for  an 
airplane-launched  buoy,  capable  of  emitting  a uni- 
directional light  beam  with  good  orientation,  over 
a maximum  period  of  12  hr.  Allowance  was  to  be 
made  for  a maximum  launching  altitude  of  500  ft 
and  for  a maximum  water  pressure  of  150  psi. 

Fhe  major  problems  encountered  were  the  in- 
corporation of  sufficient  shock  resistance  in  the  va- 
rious components  and  the  design  of  a satisfactory 
light-orienting  device. 

A shock-resistance  development  program  was  car- 
ried out  until  each  component  could  pass  a 1,000 
Ct  test.  Although  a large  share  of  this  j^rogram  was 
devoted  to  the  timing  mechanism,  the  final  result 
with  that  unit  was  still  not  completely  satisfactory. 

Early  work  on  the  light-orienting  device  centered 
around  a compass-governed,  selector  switch  con- 
trolling a group  of  lamps  spaced  around  a horizon- 
tal circle.  Because  of  operating  difficulties  and  the 
weight  of  the  batteries  needed  for  relays  in  this 
arrangement,  it  was  eventually  discarded.  In  its 
stead,  direct  compass  control  of  the  light  beam  from 
a single  bulb  was  adopted. 

To  .secure  orientation,  a shielded  mirror  was  so 
fastened  to  the  compass  card  as  to  rotate  around  a 
centrally  located  bulb,  suspended  from  above.  In 
the  final  model,  the  mirror  was  rejdaced  by  an  en- 
closing cylinder  or  light  shield  containing  an  aper- 
ture for  directing  the  outgoing  beam.  For  the  guid- 
ing compass,  a type  utilizing  a jewel-bearing  sup- 
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port  was  chosen.  A float  type  was  also  considered 
but  the  danger  of  short  circuits  arising  from  spilled 
liquid  caused  its  rejection. 

11 16  FINAL  MODEL 

The  external  appearance  of  the  NMB  is  shown 
in  Figure  8.  It  resembled  in  general  configuration  a 
standard  300-lb  bomb,  with  a flat,  blunt  nose  instead 
of  the  usual  type. 

The  main  section,  56  in.  long  and  15  in.  in  diam- 
eter, was  a steel  cylinder,  tightly  sealed  at  both  ends. 
In  addition  to  providing  buoyancy,  it  served  as  a 
housing  for  the  batteries  and  the  timing  mechanism. 
Down  its  center  ran  a steel  tubing  or  well  which 
contained  the  collapsible  mast  before  erection  oc- 
curred. To  the  lower  end  of  the  main  section  was 
fastened  a detachable  anchor  section.  This  had  the 
form  of  a short,  heavy,  cylindrical  cap  and  it  en- 
closed the  mooring  cable  and  the  anchor  chain  (see 
Figure  10).  It  was  clamped  in  place  initially  by  an 
extension  on  the  “mast  bolt,”  a special  bolt  which 


Figure  10.  Partial  assembly  of  lower  end  of  buoy. 


locked  both  mast  and  anchor  in  position.  This  bolt 
contained  a blasting  cap  which  exploded  on  sub- 
mergence of  the  buoy,  thereby  permitting  detach- 
ment of  the  anchor  section  and  erection  of  the  mast. 

The  collapsible  mast  is  shown  in  Figure  11.  It 
was  a stainless  steel  tube  with  the  light-support  cast- 
ing fastened  on  its  upper  end.  From  a terminal 
block  on  its  lower  portion,  a bronze  lift  cable  ran 
up  the  center  well  and  down  the  outside  of  the 
buoy  to  the  anchor  section.  When  the  anchor  left 
the  main  section,  this  cable  pulled  the  mast  erect 
and  then  disengaged  as  a mast  lock  clamped  into 
j)lace. 

While  mast  erection  proceeded,  the  stabilizing 
fins,  which  are  visible  in  Figure  8A,  were  being 
discarded.  Initially  they  were  clamped  in  place  by 
projections  on  the  light-support  casting.  The  up- 
ward motion  of  the  mast  released  them  and  a spring 
threw  them  clear  of  the  buoy. 

Mounted  on  gimbal  rings  within  the  light-support 
casting,  was  the  light-orienter  unit.  In  this  device, 
a magnetic  compass,  utilizing  two  Alnico  magnets 
and  mounted  upon  a “V”  jewel  bearing,  was  used. 
It  oriented  a phosphor  bronze,  cylindrical  light 
shield  which  had  an  aperture  for  the  emerging  beam 
(Figure  12).  The  light  source  was  a special  12-v, 
2-amp  bulb  suspended  in  the  center  of  the  light 
shield.  A Lucite  cylinder  served  as  a transparent  and 
watertight  housing  for  this  assembly  and  carried 
external,  vertical  louvers  to  reduce  stray  light  (see 
Figure  13). 

* Timing  Circuits 

There  were  three  electric  circuits  controlling  the 
automatic  operation  of  the  buoy.  They  are  discussed 
in  the  order  of  their  operational  sequence. 

The  pressure-switch  circuit  shown  in  Figure  14 
was  arranged  to  detonate  the  mast-bolt  blasting  cap 
when  the  buoy  submerged.  As  a special  safety  meas- 
ure it  contained  an  arming  switch.  This  switch  was 
a spring-operated,  plunger  type  (see  Figure  10),  nor- 
mally held  open  by  the  arming  wire.  \Vhen  this 
wire  was  withdrawn  as  the  buoy  left  the  plane,  the 
arming  switch  closed  and  full  control  of  the  circuit 
was  assumed  by  the  pressure-operated  switch.  The 
latter  was  designed  for  actuation  by  a metal  bel- 
lows-driving  element  which  closed  the  circuit  when 
external  water  pressure  reached  5 psi. 

The  cable-release  circuit  is  drawn  in  Figure  15. 
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Figure  11.  Mast  assembly. 
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Figurf.  12.  Cutaway  view  of  orienting  unit. 


1 he  blasting  cap  shown  was  embedded  in  a bolt 
clamping  the  outer  end  of  the  mooring  cable  near 
its  junction  with  the  anchor  chain.  While  this  cable 
bolt  held,  the  buoyant  section  could  rise  above  the 
anchor  only  to  the  extent  permitted  by  the  10-ft 
chain.  When  the  clock-operated  switch  closed  and 
the  bolt  was  shattered,  the  mooring  cable  paid  out 
and  the  buoy  ascended  to  the  surface. 


Figure  13.  Light  unit  and  upper  end  of  buoy. 


The  light  circuit  (Figure  16)  was  also  controlled 
by  the  timing  mechanism.  The  main  switch  shown 
was  closed  by  hand  when  the  buoy  was  being  pre- 
pared for  use.  Shortly  after  the  buoy  surfaced,  the 
clock-operated  switch  closed  and  turned  on  the  light 
beam. 

The  timing  mechanism  used  for  controlling  these 
circuits  was  built  with  a Seth  Thomas,  double- 
spring engine  lever  clock  as  a basis.  Switch  contacts 
were  closed  at  the  desired  times  by  pawls  which 
rode  on  the  surface  of  a slotted  cylindrical  cam. 


Operation 

The  designed  sequence  of  operations  follows. 

In  preparation  for  launching,  the  buoy  was  sus- 
pended on  the  bomb  rack  of  a plane  and  its  arming 
wire  was  attached  to  the  appropriate  fitting.  As 
launching  took  place,  this  wire  pulled  out  of  the 
arming  switch  and  permitted  its  contacts  to  close. 

^Vhen  the  buoy  had  submerged  to  a depth  of 
10  ft,  the  pressure-operated  switch  closed  and  the 
mast  bolt  was  shattered.  The  anchor  separated  from 
the  buoyant  section  and  dropped  to  the  end  of  the 
anchor  chain.  Simultaneously  the  mast  rose  into  po- 
sition under  the  pull  of  the  lift  cable  and  the  de- 
tachable fins  were  discarded.  The  entire  buoy  then 
descended  to  the  bottom  where  it  remained  until 
the  time  set  for  surfacing.  During  the  waiting  in- 
terval, the  10-ft  length  of  the  anchor  chain  per- 
mitted the  buoyant  section  to  remain  clear  of  en- 
tangling obstructions  on  the  ocean  floor. 

At  the  appointed  time  the  cable  release  circuit 
was  closed  by  its  clock-operated  switch  and,  as  the 
cable  unreeled,  the  buoyant  section  rose  to  the  sur- 
face. After  a short  delay  to  allow  attainment  of 
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Figure  15.  Cable  release  circuit. 


Figure  16.  Light  circuit. 


equilibrium,  the  clock  mechanism  closed  the  lamp 
circuit  and  turned  on  the  light  beam.  Proper  orien- 
tation was  effected  by  the  compass-controlled  light 
shield,  and  continuous  operation  over  a 12-hr  period 
was  possible  with  the  size  of  battery  installed. 


On  the  favorable  side,  orientation  and  visibility 
of  the  light  beam  were  good  in  cases  where  the  op- 
erating sequence  was  completed.  On  plane  launch- 
ings, moreover,  good  aerial  performance  indicated 
that  the  buoy  was  properly  balanced. 


Performance 

Performance  tests,  including  both  shipboard  and 
airplane  launchings,  were  carried  out  on  a pilot 
model  and  on  a group  of  six  additional  units.  Of 
the  13  trials  attempted,  only  two  shipboard  launch- 
ings were  successful. 

Since  several  buoys  were  not  retrieved,  investi- 
gation of  all  failures  was  not  possible.  In  most  of 
the  observed  cases,  however,  stoppage  of  the  clock 
was  the  source  of  the  trouble.  Leakage,  battery  fume 
corrosion,  blasting  cap  failure,  and  jamming  of  the 
detachable  fins  were  other  causes  of  failure. 


CONCLUSIONS 

The  test  results  indicate  that,  although  the  gen- 
eral design  was  sound  in  principle,  further  devel- 
opment would  be  needed  before  the  buoy  could 
be  of  service  in  tactical  operations.  If  conditions 
should  necessitate  such  development,  the  timing 
mechanism  should  be  improved  by  increasing  its 
power  and  by  protecting  it  from  corrosive  battery 
fumes.  Also,  increased  simplicity  and  reliability  in 
operation  could  be  achieved  by  elimination  of  both 
the  collapsible  type  of  mast  and  the  detachable 
type  of  fin. 


Submarine  Marker  Buoy 

The  submarine  marker  buoy  designed  by  CUDlVIi- 
NLL  is  an  8-ft  long  buoy  used  to  mark  the  position  of 
submerged  submarines  in  training  and  testing  exer- 
cises. It  is  attached  to  a submarine* s conning  toiuer 
by  a cable  so  that  it  can  be  made  to  float  on  the  water 
surface  just  over  the  stern  of  the  vessel.  With  a JOO-ft 
cable  attached  to  a USS  S48  type  submarine  traveling 
at  7 knots,  the  buoy  will  remain  on  the  surface  with 
the  submarine  submerged  to  91  ft.  To  increase  the 
perception  distance,  a 4-ft  steel  flagstaff  with  a large 
colored  pennant  was  attached  to  the  buoy.  Later,  the 
FS  smoke  agent  and  the  British  marine  marker  were 
tested;  visual  ranges  up  to  4,000  yd  were  attained  in 
clear  weather. 


Figure  17.  Submarine  marker  buoy. 
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II 18  INTRODUCTION 

Early  in  1942,  engineers  concerned  with  the  test- 
ing of  antisubmarine  attack  aids  reported  the  need 
for  a towed  marker  buoy  to  mark  continuously  a 
submerged  submarine’s  position  while  under  way 
during  training  exercises.  To  satisfy  this  need,  the 
design  of  a submarine  marker  buoy  [SMB]  primar- 
ily for  use  by  the  laboratory  in  antisubmarine  at- 
tack aid  tests  was  undertaken.  Upon  completion  of 
successful  trials  of  the  first  models,  the  Navy  be- 
came interested  in  the  buoy  for  use  in  other  sub- 
marine exercises  as  well.  Plans  were  made  to  con- 
struct additional  units  for  transfer  to  the  Navy. 

Description  of  Buoy 

A design  of  the  buoy  is  shown  in  the  photograph 
of  Figure  17.  The  fins  give  towing  stability  and  the 
tow  point  is  located  so  that  the  cable  pull  passes 
through  the  approximate  center  of  buoyancy  in 
order  that  the  pull  may  have  a minimum  effect  on 
the  fore  and  aft  trim.  The  cable  recommended  for 
strength  and  availability  was  i/g-in.  tinned  aircraft 
strand  (American  Steel  and  Wire  Company). 

Observations  of  the  submarine  marker  buoy  with 
its  pennant  mounted  on  a 4-ft  rod  have  been  made 
from  surface  craft  at  distances  up  to  4,000  yd  on 
days  when  good  visibility  conditions  prevailed. 

OPERyATION 

In  order  to  mark  a submarine’s  position  while 
submerged  and  underway,  the  buoy  should  be  fast- 
ened to  the  submarine  at  the  farthest  forward  point 
possible  so  that  the  trail  of  the  buoy  places  it  over 
the  submarine. 

To  operate  successfully,  a submarine  marker  buoy 
must  have  a high  ratio  of  reserve  buoyancy  to  drag, 
since  the  lower  limit  on  its  trail  distance  behind 
the  submarine  is  the  point  at  which  the  buoy  is 
pulled  under  the  water  by  the  cable.  The  force 
diagram  for  the  buoy  operating  at  this  limit  point 
of  submergence  is  shown  in  Figure  18.  The  tangent 
of  B at  submergence  is  the  drag  divided  by  the 
difference  between  maximum  displacement  and 
weight. 

A desirable  characteristic  of  the  buoy  is  that  the 
drag  of  the  cable  be  sufficiently  low  to  allow  the 
cable  to  operate  with  little  curvature  so  that  the 
trail  distance,  depth  of  submergence,  and  cable 
length  are  approximately  related  by  the  square  law. 
If  the  buoy  is  small  the  cable  may  be  small,  but  the 


drag  of  the  cable  is  a large  percentage  of  the  buoy 
drag  for  great  depths.  By  increasing  the  buoy  dis- 
placement, the  diameter  of  the  cable  necessary  to 
submerge  the  buoy  without  breaking  increases  only 
as  the  square  root  of  the  displacement,  and  hence 
the  ratio  of  cable  drag  to  buoy  drag  varies  in- 
versely as  the  square  root  of  the  buoy  displacement. 
Therefore,  the  buoy  as  designed  is  large  (94  in.  long) 
and  the  cable  is  the  smallest  possible  to  carry  the 
load. 


SPEED  IN  KNOTS  FOR  6.5  FOOT  PROTOTYPE 


Figure  19.  Curves  of  drag  tests  on  one-third  scale  model. 
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SPEED  IN  KNOTS 

Figure  20.  Curve  showing  tow  conditions  of  buoy. 


Performance  Tests 

\Vith  reference  to  the  force  diagram  of  Figure 
18,  the  performance  of  the  buoy  can  be  predicted 
from  the  drag  and  buoyancy  if  the  cable  drag  can 
be  disregarded.  Following  are  test  results  which  in- 
dicate that  the  cable  drag  is  small.  The  buoy  drag 
was  measured  by  towing  a one-third  scale  model 
loaded  to  imminent  submergence  and  stepping  up 
the  drag  to  full  size  by  similarity  laws.  Data  from 
the.se  tests  are  plotted  in  Figure  19  where  model 
test  results  are  shown  above  and  the  prototype  pre- 
diction indicated  below. 

The  prototype  buoy  was  towed  from  a submarine 
at  given  speeds  while  the  submarine  slowly  sub- 
merged. 7 he  depth  at  which  the  buoy  was  pulled 
under  was  determined  from  a time  record  of  depth 
kept  by  an  observer  in  a surface  boat.  The  two 
watches  were  accurately  synchronized  and  calibrated. 

At  a speed  of  6 knots  and  with  a 76-ft  cable,  the 
float  just  pulled  under  at  a submergence  of  the 
anchorage  point  of  52.5  ft.  Therefore  the  angle  0 
from  Figure  18  at  which  the  buoy  submerged,  as- 
suming no  appreciable  cable  curvature  was 

cos-1  = 52.5/76  = 46.2^ 


At  this  speed  the  drag  for  each  pound  of  displace- 
ment was  0.41  as  seen  in  Figure  19.  Since  the  float 
had  a displacement  of  300  lb,  the  drag  was  123  lb. 
The  weight  of  the  float  was  157.5  lb;  hence  the 
vertical  cable  component  wai^  300  — 157.5,  which 
equals  142.5  lb.  Therefore,  the  value  of  0 at  the 
buoy  was 


tan-i  = 123/142.5  = 40.8°. 

74iis  shows  that  the  actual  cable  angle  departs  only 
about  5 degrees  from  that  formed  by  a straight 
line. 

From  the  data  obtained,  it  is  evident  that  the 
curvature  of  the  cable  can  be  neglected  without 
prohibitive  error  and  that  the  buoy  trails  the  point 
of  attachment  by  a distance  corresponding  to  a 
straight  cable  even  up  to  6 knots.  Thus  the  problem 
of  trail  distance  versus  depth  for  a given  cable 
length  can  be  computed  by  the  solving  of  a right 
triangle  with  two  known  sides. 

From  the  resistance  curve  shown  in  Figure  19, 
the  limiting  approach  of  the  buoy  to  the  vertical 
position  above  the  attachment  point  can  be  com- 
puted for  various  speeds  with  the  force  diagram 
method  used  in  the  preceding  paragraphs.  These 
results  are  plotted  in  Figure  20. 


ATTACHMENT  POINT  IN  FEET 

Figure  21.  Curves  showing  submarine  submergence 
versus  trail  distance. 
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By  use  of  the  data  in  Figure  20  and  through 
consideration  of  the  fact  that  the  cable  is  practically 
straight,  the  performance  curves  of  Figure  21  were 
prepared.  The  circle  arcs  indicate  buoy  trail  dis- 
tance versus  submarine  anchor  point  submergence 
for  a given  length  of  cable.  The  radial  lines  are 
the  limits  to  which  the  vertical  is  approached  by  the 
cable  at  the  point  of  buoy  submergence.  For  any 
particular  speed  and  cable  length,  the  part  of  the 
circle  arc  to  the  right  of  the  radial  line  for  that 
speed  corresponds  to  a floating  buoy;  the  part  to 
the  left  of  the  line  corresponds  to  a submerged 
buoy. 

For  example,  if  the  buoy  is  used  with  a submarine 
of  the  USS  S48  type  (approximately  260  ft  long), 
and  is  towed  from  a point  just  aft  of  the  conning 
tower,  the  buoy  is  well  ahead  of  the  propellers  when 
a 100-ft  cable  is  used.  This  length  of  cable  permits 
operation  to  a keel  depth  of  97  ft  at  a maximum 
speed  of  7 knots.  The  distance  from  the  keel  to  the 
top  of  the  conning  tower,  where  the  cable  would 
be  attached,  is  32.5  ft  and  this  distance  is  added 
to  the  submergence  depth  of  the  attachment  point 
to  obtain  the  operating  keel  depth  of  Figure  21.  At 
this  depth  the  trail  of  the  buoy  behind  the  attach- 
ment point  is  76  ft. 

Thirteen  units  of  this  buoy  were  built  by 
CUDWR.  Four  were  expended  in  tests  incident  to 
development;  seven  were  transferred  to  the  Navy; 
and  two  were  retained  for  laboratory  tests  involv- 
ing the  use  of  submarines. 


11  19  SMOKE  SIGNAL  FOR  PRACTICE 
SUBMARINE  MARKER  BUOY 

To  increase  the  distance  from  which  the  sub- 
marine marker  buoy  could  be  seen,  steps  were  taken 
to  replace  the  pennant  with  a device  for  producing 
a smoke  signal.  The  development  of  such  a device 
was  undertaken  at  the  New  London  Laboratory  in 
June  1943. 

Preliminary  tests  were  made  at  the  laboratory  pier 
using  (1)  individual  candles  such  as  were  used  in 
the  Mark  IV  and  Mark  V float  lights,  and  (2)  a 
container  of  titanium  tetrachloride  equipped  with 
a nozzle  for  spraying.  These  materials  were  found 
unsuitable.  Tests  on  the  FS  smoke  mixture  and  the 
British  marine  marker  showed  promise  and  these 
were  more  thoroughly  investigated. 


Figurf.  22.  Modified  Ml.\2  cylinder  attached  to  submarine 
marker  Inioy. 


FS  Smokk  Agent 

Fhc  FS  smoke  agent  (described  in  War  Depart- 
ment Technical  Manual  TM  3-315)  is  an  anhydrous 
licpiid  mixture  of  chlorosulfonic  acid  and  sulfur 
trioxide.  Carbon  dioxide  was  dissolved  in  the  FS 
mixture  which  was  contained  in  a standard  M1A2 
steel  cylinder  equipped  with  an  atomizing  nozzle 
(see  Figure  22).  A distinct  disadvantage  in  the  use 
of  this  mixture  is  the  extreme  danger  in  handling. 
Under  operating  conditions,  pressure  from  the  dis- 
solved carbon  dioxide  caused  a dense  white  smoke 
to  spray  through  the  nozzle  into  the  air. 

British  Marine  Marker 

The  British  “Marker,  Marine,  Aircraft,  T2“  is 
shown  in  Figure  23  attached  to  a submarine  marker 
buoy.  A material  very  much  like  calcium  carbide 
and  an  igniting  chemical  are  stored  dry  in  the  lower 
end  of  the  metal  container,  the  upper  end  of  which 
serves  as  a buo)  ancy  tank.  To  prepare  the  marker  for 
operation,  the  nozzle  is  exposed  by  removal  of  a cap 
and  nipple  from  the  top,  and  a plastic  seal  at  the 
bottom  is  broken  so  that  the  marker  is  activated  by 
entrance  of  water  into  the  container  when  it  is  placed 


Figure  23.  Submarine  marker  buoy  with  British  “Marker, 
Marine,  Aircraft  T2”  attached. 
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in  operation.  I'lie  water  reacts  with  the  material  in 
the  container  to  produce  gas  which  ignites  spontane- 
ously at  the  noz/le.  When  floating  freely  this  marker 
sinks  after  1 14  to  2 hr,  but  when  attached  to  a l)uoy  it 
provides  a good  signal  for  over  21/0  hr. 

Comparative  rKRFORMANCE 

'riic  FS  mixture  in  a container  with  a suitably 
designed  nozzle  provided  a satisfactory  signal.  Its 
disadvantages  were  the  j)ossibility  of  clogging  at  the 


pin-size  orifice  in  the  nozzle  and  the  extreme  danger 
in  handling. 

I'he  Hritish  marker  as  designetl  sup})lies  a satisfac- 
tory signal  for  approximately  21/2  It  is  much 
more  reliable,  simpler  to  ush,  and  much  safer  to 
liandle  than  the  FS  mixture. 

Fhc  two  markers  provide  signals  which  arc  ap- 
j)roximately  ctjually  visible  at  ranges  greatly  in  ex- 
cess of  those  possible  w'hcn  using  an  orange-colored 
j)ennant  with  the  buoy. 
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Sea-^Water  Batteries 

The  sea-water  battery  is  a primary  battery  which 
utilizes  magnesium  alloy  and  silver  chloride  elec- 
trodes functioning  in  a sea-water  electrolyte.  It  is 
much  smaller  and  lighter  than  conventional  batteries 
of  similar  output  capacity.  Altogether  20  to  25  differ- 
ent types  of  sea-water  batteries  have  been  produced. 
They  range  from  a small  detonator  battery  weighing 
1 oz  and  delivering  1 w for  1 min  to  torpedo  propul- 
sion batteries  weighing 57 5 lb  and  delivering  approxi- 
rnately  220  kw  for  5 min.  In  addition  to  the  detonator 
batteries  and  the  torpedo  batteries,  the  types  devel- 
oped include  low-power,  long-time  batteries;  AB  type 
high-voltage,  low-current,  intermediate-time  bat- 
teries; and  the  battery  designed  for  the  7-40-M  prox- 
imity fuze.  Development  was  directed  primarily,  how- 
ever, toward  the  attainment  of  a suitable  unit  for 
torpedo  propulsion.  Successful  construction  of  such 
units,  and  further  experimental  work  on  the  im- 
proved “duplex’'  type,  was  carried  out  by  the  Bell 
Telephone  Laboratories. 

12.1  INTRODUCTION 

^211  General  Description  of  Sea  ■ W ater 
Batteries 

The  SEA-WATER  BATTERIES  described  in  this  chap- 
ter employ  a magnesium  alloy  as  the  anode,  sil- 
ver chloride  as  the  cathode,  and  sea  water  as  the 
electrolyte.  Their  chief  advantage  lies  in  the  fact 
that  they  are  capable  of  delivering  larger  amounts 
of  power  per  unit  weight  and  per  unit  volume  than 
any  other  type  of  battery.  They  were  developed 
principally  for  torpedo  propulsion,  but  many  other 
applications  have  been  found  for  them  in  marine 
signaling  devices,  detonator  actuators,  and  various 
underwater  ordnance  devices.  This  report  describes 
the  research,  development,  and  construction  work 
done  on  all  types  of  magnesium-silver  chloride  sea- 
water batteries  developed  to  date  (January  1,  1946). i 
In  sea-water  batteries,  just  as  in  other  primary 
batteries,  materials  are  consumed  in  chemical  re- 
actions which  yield  electric  energy.  In  the  case  of 


Figure  1.  Multiplate  battery  showing  complete  plate 
pile-up. 

these  batteries,  magnesium  was  chosen  as  the  most 
satisfactory  material  for  the  negative  electrode,  the 
anode,  and  silver  chloride  was  chosen  as  the  best 
material  for  the  positive  electrode,  the  cathode.  At 
the  anode,  the  magnesium  goes  into  solution  as 
magnesium  chloride,  and  at  the  cathode,  the  silver 
chloride  is  reduced  to  elementary  silver.  Hydrogen 
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is  evolved,  which,  along  with  certain  insoluble  cor- 
rosion products,  must  be  removed  in  order  to  keep 
the  battery  from  poisoning  itself. 

On  open  circuit  the  voltage  of  a single  cell  is 
about  1.55  V.  Batteries  of  this  type  are  capable  of 
delivering  current  at  rates  as  high  as  7.5  amp  per 
square  inch  of  plate  surface  without  becoming 
passive.  Satisfactory  efficiencies  can  be  developed  at 
any  current  density  up  to  the  maximum.  However, 
for  most  applications  w’here  considerable  amounts 
of  power  are  required  for  periods  of  several  min- 
utes, current  densities  of  from  1 to  2.5  amp  per 
square  inch  are  in  the  range  of  maximum  efficiency. 
The  optimum  rates  for  batteries  with  long  periods 
of  discharge  arc  much  lower. 

Since  the  magnesium  anode  of  these  batteries  re- 
acts with  the  moisture  of  the  atmosphere,  it  was 
found  desirable  to  seal  the  batteries  as  soon  as  they 
were  assembled.  When  the  battery  is  put  into  use, 
the  seal  is  broken,  sea  water  is  admitted  to  the 
plates  and  continuously  flushes  them  as  long  as  the 
battery  is  in  operation.  This  irrigating  action  not 
only  furnishes  the  electrolyte,  but  also  removes  the 
corrosion  products  and  dissipates  the  heat  generated 
by  the  chemical  reaction. 

12.1.2  Advantages  of  Sea -Water  Batteries 

One  of  the  chief  advantages  of  sea-water  batteries 
over  the  conventional  battery  is  that  they  are  much 
lighter  in  weight  and  much  more  compact  per  unit 
of  power  delivered.  For  example,  one  of  the  torpedo 
batteries  developed  has  a volume  advantage  of  4 
to  1,  and  a weight  advantage  of  5 to  1,  over  the  best 
types  of  primary  or  secondary  batteries  previously 
used.  Other  sea-water  battery  advantages  which 
might  be  mentioned  are  as  follows:  (1)  they  re- 
quire no  maintenance,  (2)  they  do  not  deteriorate 
during  storage  provided  they  are  kept  in  a com- 
pletely dry  atmosphere,  (3)  the  sea-water  electrolyte 
is  drawn  from  their  operating  environment  and 
hence  need  not  be  separately  stored  or  transported, 
(4)  the  discharge  curve  is  very  flat  throughout  the 
useful  range  of  the  battery,  and  (5)  in  most  appli- 
cations it  is  possible  to  simplify  the  design  of  the 
batteries  because  all  the  cells  can  be  operated  in  a 
common  electrolyte  chamber  without  excessive  in- 
ternal electrical  leakage.  The  reason  for  this  is  that 
the  conductivity  of  sea  water  is  less  than  that  of 
other  commonly  used  electrolytes. 


12.1.3  Research  and  Development 

After  sea  water  was  decided  upon  as  the  electro- 
lyte to  be  used  with  these  batteries,  a program  of 
research  work  was  started  to  find  the  most  satis- 
factory materials  to  be  used  in  the  cell  elements. 
Suitable  materials  were  selected  for  the  anodes,  cath- 
odes, and  separators,  some  early  batteries  were  con- 
structed, and  an  investigation  was  made  of  the  elec- 
trochemical and  physical  principles  on  which  they 
operated.  With  a knowledge  of  these  principles, 
more  suitable  physical  forms  and  arrangements  of 
the  elements  were  designed,  which  gave  the  batteries 
improved  performance.  This  process  continued 
through  many  stages  of  development  before  satis- 
factory anodes,  cathodes,  and  separators  were  pro- 
duced. 

In  the  case  of  anodes  and  cathodes,  the  develop- 
ment process  involved  an  investigation  to  find  the 
best  chemical  and  metallurgical  forms;  the  most  sat- 
isfactory size,  shape,  and  thickness;  and  the  proper 
surface  finish.  In  the  case  of  the  separators  it  in- 
volved an  investigation  to  find  materials  which  had 
the  correct  insulating  properties,  which  would  per- 
mit adequate  circulation  of  the  electrolyte,  ant] 
which  could  be  embedded  in  the  plates  or  mounted 
firmly  on  them. 

After  satisfactory  anodes,  cathodes,  and  separators 
were  developed,  considerable  work  was  done  on  the 
features  of  mechanical  design.  The  mechanical  de- 
sign must  be  such  that  the  battery  has  (1)  low 
weight  and  small  size  per  kilowatt  delivered,  (2) 
small  leakage  current  losses,  (3)  proper  circulation 
of  the  electrolyte,  (4)  long  shelf  life,  (5)  quick  come- 
up  to  full  power,  and  (6)  the  proper  voltage-current- 
time  characteristics.  These  requirements  demanded 
an  investigation  of  the  principles  which  control 
leakage  currents,  internal  resistance,  and  rates  of 
circulation  of  the  electrolyte.  In  addition  to  the 
development  work,  an  extensive  program  of  elec- 
trical, mechanical,  and  hydraulic  testing  was  car- 
ried out  in  order  to  evaluate  the  performance  of 
each  type  of  battery  under  varying  operating  con- 
ditions. 

Before  the  batteries  could  be  produced  on  a large 
scale,  it  was  necessary  to  develop  special  tools,  ma- 
chines, and  techniques  in  order  to  manufacture  and 
assemble  the  parts.  This  was  especially  true  of  the 
elementary  parts  of  the  batteries  since  most  of  the 
materials  had  never  been  produced  before  in  the 
forms  needed  and  were  not  available  commercially. 
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TYPICAL  SEA-WATER  BATTERY  DISCHARGE  CURVE 


TIME  IN  MINUTES 


Figure  2.  Typical  sea -water  battery  discharge  curve. 


Also,  in  order  to  produce  specific  types  of  batteries, 
it  was  necessary  to  develop  satisfactory  production 
and  manufacturing  methods.  As  an  aid  in  this  work 
a small  pilot  plant  was  established  which  not  only 
assured  an  adequate  supply  of  sea-water  batteries 
for  test  purposes  but  also  allowed  changes  to  be 
made  in  the  manufacturing  methods  before  the  final 
production  procedure  was  adopted. 


122  PRINCIPLES  OF 

ELECTROCHEMICAL  DESIGN 

12.2.1  Electrochemical  Reactions 

The  sea-water  batteries  which  are  treated  below 
employ  a magnesium  alloy  (usually  ASTM  B90-44T 
alloy  AZ61X)  as  an  anode  material,  silver  chloride 
in  one  form  or  another  as  the  cathode  material,  and 
sea  water  as  the  electrolyte.  At  the  anode,  mag- 
nesium goes  into  solution  as  magnesium  chloride, 
and  at  the  cathode,  silver  chloride  is  reduced  to  ele- 
mentary silver.  The  action  is  not  practically  rever- 
sible, i.e.,  sea-water  batteries  cannot  be  recharged, 
and  the  useful  action  ceases  as  soon  as  either  the 
magnesium  or  the  silver  chloride  is  consumed.  The 
chemical  reaction  involved  is 

Mg  -f  2AgCl  ->  MgCls  + 2Ag 

and  the  open  circuit  voltage  of  each  cell  at  20  C is 
1.55  V.  In  addition  to  this  primary  reaction,  a sec- 
ondary reaction  also  occurs  but  does  not  contribute 
to  the  voltage  of  the  cell.  The  equation  is 

Mg  -f  2H,,0  Mg(OH)2  + Ho. 


Specific  Types  of  Batteries 

Altogether,  between  20  and  25  different  designs 
of  sea-water  batteries  have  been  produced.  Princi- 
pal emphasis  was  placed  on  batteries  for  torpedo 
propulsion  in  which  large  amounts  of  power  are 
required  for  short  periods  of  time.  However,  the 
types  produced  have  ranged  in  size  from  a small 
detonator  battery  weighing  about  1 oz  and  deliv- 
ering approximately  1 w for  1 min,  to  the  large 
torpedo  propulsion  battery  weighing  575  lb  and 
delivering  approximately  220  kw  for  about  5 min. 
In  addition  to  the  detonator  battery  and  the  tor- 
pedo propulsion  battery,  sea-water  batteries  have 
been  made  to  operate  various  marine  signaling  de- 
vices and  to  actuate  an  underwater  proximity  fuze. 

Sea-water  batteries  can  be  designed  to  furnish  large 
currents  for  short  periods  of  time,  as  in  the  139-6-0 
battery  which  furnishes  2,000  amp  for  5 min  in  the 
Mark  26  torpedo,  or  they  can  be  designed  to  fur- 
nish a steady  voltage  for  long  periods  of  time  as 
in  the  Pentagon  battery  (5-3-BP)  which  supplies  the 
energy  to  operate  the  vacuum  tubes  of  a marine 
signaling  device  for  60  hr. 


This  reaction  occurs  at  a rate  proportional  to  the 
primary  reaction  and  results  in  the  formation  of 
insoluble  corrosion  products  which  must  be  re- 
moved. 

A typical  discharge  curve  of  a sea-water  battery  is 
given  in  Figure  2.  The  peak  voltage,  the  average 
voltage,  and  the  cutoff  voltage  at  the  knee  of  the 
curve  are  all  labeled.  This  battery  was  discharged 
at  approximately  2 amp  per  square  inch  through  a 
fixed  resistance  so  that  the  current  and  voltage  are 
directly  proportional.  The  cutoff  voltage  is  set  by 
the  particular  requirements  of  the  load  and  need 
not  be  at  the  knee  of  the  curve.  However,  the  active 
material  is  not  efficiently  used  with  a higher  cutoff 
and  little  extra  capacity  can  be  obtained  with  a 
lower  one.  Discharge  curves  of  other  batteries,  of 
different  construction  and  operating  under  different 
conditions  of  load  and  temperature,  differ  from  this 
one  only  in  detail. 

The  fundamentals  of  sea-water  battery  design  and 
operation  can  be  understood  best  by  considering  a 
unit  cell.  A unit  cell  is  defined  as  a cell  formed  by 
1 sq  in.  of  cathode  surface,  a corresponding  anode 
area,  and  the  intervening  electrolyte.  Electrochem- 
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CURRENT  DENSITY- AMPERES  PER  SO  IN. 


Figure  3.  Typical  voltage-current  density  curves. 

ically  the  full  battery  consists  merely  of  a suitable 
number  of  unit  cells  in  parallel  to  give  the  required 
current,  and  a sufficient  number  in  series  to  pro- 
vide the  required  voltage. 

The  potential  available  from  a unit  cell  depends 
chiefly  on  the  following  factors,  (1)  the  current  dens- 
ity, i.e.,  the  amount  of  current  being  drawn  per 
unit  area,  usually  expressed  in  amperes  per  square 
inch,  (2)  the  spacing  between  the  anode  and  the 
cathode,  and  (3)  the  temperature  and  the  concen- 
tration of  the  electrolyte.  Figure  3 shows  a typical 
set  of  curves  for  a unit  cell  showing  the  relation 
of  cell  potential  to  current  density  for  three  dif- 
ferent temperatures. 

The  difference  between  the  open-circuit  voltage 
of  a cell  and  the  terminal  potential  difference  when 
the  cell  is  furnishing  a current  is  due  to  polarization 
and  to  the  IR  drop  in  the  electrolyte.  For  a given 
current,  the  value  of  the  terminal  potential  dif- 
ference depends  on  the  internal  resistance;  thus  any- 
thing which  affects  the  internal  resistance  alters  the 
terminal  potential  difference. 

12.2.2  Factors  Affecting  Electrochemical 
Design 

Variables  beyond  control  which  affect  the  elec- 
trochemical design  of  sea-water  batteries  are  the 
salinity  and  the  temperature  of  the  sea  water.  Con- 
trollable variables  which  affect  the  electrochemical 
design  are:  (1)  electrode  spacing,  (2)  circulation  of 


the  electrolyte,  (3)  leakage  currents,  and  (4)  elec- 
trode thickness.  Items  (1)  and  (2)  are  discussed  in 
the  sections  immediately  following,  while  item  (3) 
is  discussed  in  Section  12.2.3  and  item  (4)  is  cov- 
ered in  Sections  12.3.1  and  12.3.2. 

Electrode  Spacing 

Electrode  spacing  directly  affects  the  internal  re- 
sistance of  a cell.  If  the  internal  resistance  of  a cell 
required  to  furnish  large  current  densities  is  high, 
the  terminal  potential  difference  drops  to  a value 
so  low  that  the  cell  becomes  inefficient  as  a source 
of  power.  In  addition,  the  large  amounts  of  heat 
generated  may  cause  internal  damage.  For  these  rea- 
sons, internal  resistance  must  be  minimized.  Close 
spacing  of  the  electrodes  is  the  best  way  to  accom- 
plish this. 

There  is  an  additional  spacing  effect  which  is  of 
importance  in  high  current  density  cells.  During 
discharge,  the  effective  spacing  between  electrodes 
grows  because  of  the  dissolving  action  at  the  mag- 
nesium anode  and  the  reduction  of  the  silver  chlo- 
ride cathode  to  silver.  The  effect  of  the  change  in 
the  cathode  is  less  than  one  would  expect  because 
the  pores  of  the  electrode  become  fdled  with  a strong 
NaCl  solution  which  is  more  conducting  than  the 
sea  water.  However,  the  magnesium  electrode  is 
eaten  away  to  the  extent  of  about  0.001  in.  for  every 
3 amp-min  per  square  inch.  Thus,  if  the  original 
spacing  is  0.015  in.,  after  a discharge  of  12  amp-min 
per  square  inch  the  spacing  has  become  0.019  in. 
Fhe  resultant  increase  in  internal  resistance  ac- 
counts for  part  of  the  slope  of  the  voltage-time 
discharge  curve. 

The  method  of  obtaining  and  maintaining  the 
desired  spacing  between  the  electrodes  is  one  of  the 
major  differences  between  sea-water  batteries  and 
conventional  batteries.  After  very  little  research  it 
was  realized  that  discontinuous  separators  are  rc- 
(piired  if  appreciable  capacity  per  square  inch  is 
to  be  realized.  Standard  storage  battery  separators 
were  found  to  impose  too  high  an  internal  resis- 
tance and  clogged  the  battery  badly  with  corrosion 
products.  Filter  paper  can  be  used  for  a very  short 
period  of  time  but  eventually  it  also  clogs  with  cor- 
rosion products,  both  solid  and  gaseous. 

1 he  only  completely  satisfactory  separators  for 
sea-water  batteries  are  discontinuous  ones  such  as 
fdaments  running  parallel  to  the  sea-water  flow  be- 
tween the  plates,  or  small  pieces  of  insulation  ap- 
plied to  one  electrode  and  spaced  closely  enough 
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Figure  4.  Schematic  circuit  of  leakage  paths  in  four-cell 
battery. 


culation,  provided  it  is  maintained  above  20  changes 
per  minute. 

In  certain  cases  also  where  great  steadiness  of 
voltage  is  required  at  a comparatively  low  current 
drain,  such  as  in  some  B battery  applications,  forced 
circulation  is  required.  It  prevents  gas  accumulation 
and  the  resulting  variable  internal  resistance  and 
also  prevents  nonuniform  anode  corrosion,  both  of 
which  cause  voltage  fluctuations. 

12.2.3  Principles  for  Controlling  Leakage 
Currents 


so  that  the  electrodes  cannot  short-circuit  between 
them.  Nylon  filament  separators  and  glass  bead 
separators  were  found  to  be  the  two  most  satisfac- 
tory insulators  (see  Section  12.3.3).  With  heavy  elec- 
trodes and  wide  spacing,  insulators  can  be  few  and 
far  between,  but  with  thin  electrodes  and  close  spac- 
ing, the  insulators  must  be  close  together  in  order 
to  support  the  electrodes  and  to  prevent  short  cir- 
cuits. 

Circulation  of  Electrolyte 

Even  though  discontinuous  separators  are  em- 
ployed, it  is  usually  necessary  to  provide  for  forced 
irrigation  in  order  to  remove  the  corrosion  products 
formed  and  the  heat  generated.  In  those  cases  where 
the  current  density  is  low,  the  pumping  action  of 
the  hydrogen  bubbles  causes  sufficient  circulation 
of  the  electrolyte  to  carry  away  the  major  part  of 
the  precipitates.  This  self-circulation  requires  a 
larger  spacing  between  the  electrodes  than  when 
forced  circulation  is  used,  since  it  is  not  so  effi- 
cient and  does  not  remove  all  the  corrosion  prod- 
ucts. Self-circulating  batteries  normally  use  spacing 
of  from  0.020  to  0.064  in.,  depending  on  the  ampere- 
hour  capacity  per  square  inch.  The  greater  the  ca- 
pacity per  square  inch,  the  greater  the  amount  of 
corrosion  products  formed  and  the  more  space  re- 
quired between  plates  to  prevent  the  battery  from 
clogging. 

In  high  current  density  batteries  where  the  elec- 
trode spacing  is  necessarily  close,  forced  circulation 
of  the  electrolyte  is  imperative  to  secure  satisfactory 
battery  performance.  Not  less  than  20  changes  of 
electrolyte  per  minute  are  usually  required  but  re- 
newal rates  as  high  as  100  per  minute  are  found  to 
have  no  adverse  effects  on  battery  performance.  The 
forced  circulation  battery  has  a good  linear  power- 
time curve  which  is  independent  of  the  rate  of  cir- 


Since  a battery  must  furnish  the  energy  to  supply 
all  leakage  currents  as  well  as  the  working  current, 
careful  design  is  essential  to  produce  an  efficient 
battery.  Obviously  it  is  desirable  to  keep  leakage 
currents  at  a minimum  whether  the  battery  is  to 
furnish  large  or  small  working  currents.  Since  sea 
water  must  be  introduced  to  and  circulated  through 
each  cell  of  the  battery,  there  will  be  a multiplicity 
of  leakage  paths  from  each  cell  to  every  other  cell 
through  the  water  channels.  These  water  channels 
therefore  should  be  so  designed  as  to  limit  the  leak- 
age currents  within  them  as  far  as  consistent  with 
adequate  circulation.  A theoretical  investigation  of 
the  factors  affecting  leakage  currents  was  undertaken. 
Only  a summary  of  the  essential  points  is  included 
here. 

Figure  4 shows  a schematic  circuit  diagram  for  a 
four-cell  battery.  The  dotted  lines  show  the  possible 
leakage  paths  through  the  electrolyte  which  is  com- 
mon to  all  the  cells.  Figure  5 shows  a generalized 
schematic  circuit  of  a battery  composed  of  two  N 
cells  in  a common  electrolyte.  The  chief  method  of 
controlling  the  amount  of  the  leakage  currents  which 
flow  in  any  particular  battery  design  is  to  control 
the  two  resistances  a and  b,  which  are  shown  in 
Figure  5.  By  carefully  designing  the  battery  in  ac- 
cordance with  the  information  outlined  below,  leak- 
age currents  can  be  kept  to  a minimum. 

The  results  of  the  investigation  may  be  summar- 
ized as  follows: 

1.  In  general  the  maximum  leakage  current  flows 
through  the  center  cells  of  a given  series  assembly 
of  cells  in  a common  electrolyte. 

2.  The  magnitude  of  the  maximum  leakage  cur- 
rent is  given  by  the  following  equation: 

__  E{\  - 
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Figure  5.  Geiieiali/ed  schematic  circuit  of  battery  composed  of  two  N cells  in  common  electrolyte. 


where  E is  the  operating  voltage  per  cell, 

a is  the  resistance  of  the  path  external  to  the 
cell  between  adjacent  cell  assemblies, 
b is  the  resistance  of  the  electrolyte  path  from 
any  given  cell  to  the  general  body  of  the 
electrolyte  surrounding  the  scries  assembly, 
2A^  is  the  total  number  of  cells  connected  in 
series,  and 

= « + _ lla  + 26)2 

2^  V-^6 '• 

3.  For  the  case  where  a is  very  small  compared 
to  b,  the  maximum  leakage  current  is  given  by  the 
equation 

EN2 

/max  - 

4.  For  the  case  where  b is  very  small  compared  to 
a or  when  N is  large,  the  maximum  leakage  current 
is  given  by  the  equation 


For  a small  number  of  cells  in  series,  it  is  possible 
to  reduce  leakage  currents  by  increasing  the  resis- 
tance either  of  the  path  leading  from  a single  cell 
to  the  common  electrolyte  or  of  the  portion  of  the 
common  electrolyte  connecting  two  adjacent  cells. 


For  a large  number  of  cells  in  series,  however,  in 
general  it  is  practicable  to  reduce  leakage  currents 
only  by  increasing  the  resistance  in  the  portion  of 
the  electrolyte  external  to  the  individual  cells. 

J23  research  on  the  materials 

FOR  THE  ELEMENTS  OF  A CELL 

Anode  Research 

The  anode  material  must  be  able  to  generate  a 
satisfactory  voltage  as  soon  as  it  is  brought  into 
contact  with  sea  water.  It  must  be  sufficiently  stable, 
when  exposed  to  the  atmosphere,  to  permit  practical 
handling  in  battery  construction. 

Two  materials  which  were  seriously  considered 
were  zinc  and  magnesium.  Magnesium  was  selected 
rather  than  zinc  because  of  its  higher  electrode  po- 
tential and  low  density.  Although  various  mag- 
nesium alloys  were  tried,  the  material  used  in  nearly 
all  types  of  batteries  was  ASTM  Specifications  B90- 
44T,  alloy  AZ61X.  This  alloy  produces  a minimum 
of  corrosion  products  under  conditions  of  battery 
operation,  but  it  presented  some  production  prob- 
lems which  had  to  be  overcome  before  it  could  be 
manufactured  in  a usable  form. 

The  procurement  of  alloy  AZ61X  in  sheet  form  of 
the  necessary  thinness,  flatness,  and  surface  cleanli- 
ness posed  a problem  of  considerable  proportions. 
Several  battery  designs  required  that  the  anode 
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sheets  be  between  0.010  and  0.014  in.  in  thickness, 
with  very  close  limits  on  specific  thicknesses  within 
this  range.  The  alloy  was  difficult  to  roll  to  this 
thinness,  and  the  magnesium  industry  did  not  have 
the  facilities  for  supplying  it  in  the  form  needed. 
Production  was  undertaken  by  a steel  company 
which  had  potentially  usable  rolling  equipment  but 
no  experience  with  magnesium.  Months  of  cooper- 
ative work  with  the  steel  company  were  required  to 
work  out  a satisfactory  method  of  rolling  these  plates 
to  the  desired  thinness.  Included  in  this  work  was 
the  development  of  a roller-leveler  for  flattening 
the  sheets.  Later  this  device  also  proved  effective  in 
rolling  and  flattening  the  silver  chloride  sheets. 

Another  problem  which  the  use  of  a magnesium 
alloy  presented  was  the  development  of  a suitable 
surface  hnish.  The  finish  needs  to  be  one  which 
permits  the  anode  to  come  up  to  its  full  voltage 
quickly  on  admission  of  sea  water.  It  must  also  have 
the  ability  to  withstand  the  necessary  exposure  to 
the  atmosphere  during  manufacture  and  assembly 
without  losing  this  quick  come-up  property. 

Two  types  of  surface  finish  which  gave  the  mag- 
nesium satisfactory  properties  as  an  anode  mate- 
rial were  the  chromate  finish  and  the  scratch-brush 
finish. 

Chromate  Finish 

This  type  of  finish  was  evolved  through  a series 
of  developments  which  started  with  a commercial 
magnesium  sheet  having  a chromate  protective  fin- 
ish applied  at  the  mill.  The  come-up  of  an  anode 
with  this  surface  finish  was  neither  fast  nor  con- 
sistent. Removal  of  the  chromate  film  by  dipping 
the  anode  in  a caustic  solution  produced  a satisfac- 
tory reactive  surface,  but  the  beneficial  effect  was 
lost  upon  drying.  Further  work  disclosed  that  the 
benefits  of  caustic  cleaning  could  be  preserved  by 
acid-etching  the  freshly  cleaned  plates  and  then  ap- 
plying a controlled  layer  of  chromate  in  an  acid- 
chromate  bath.  Following  early  success  with  this 
treatment,  arrangements  were  made  with  the  mag- 
nesium suppliers  to  obtain  sheets  without  the  mill- 
applied  protective  finish,  and  thus  the  need  for  the 
caustic  cleaning  was  eliminated.  Altogether  about 
72,000  anodes  were  made  with  a chromate  finish. 

Scratch-Brush  Finish 

In  the  course  of  experimental  work  on  the  devel- 
opment of  a suitable  reactive  surface,  it  was  found 


that  wet  processes  in  general,  such  as  dipping  in 
solvents  or  cleaning  solutions,  had  deleterious  ef- 
fects. This  led  to  the  investigation  of  dry  processes 
of  surface  j^reparation  and  it  was  found  that  scratch- 
brushing  with  clean  brushes  was  very  satisfactory. 

Experience  with  the  resulting  type  of  finish  has 
shown  that  it  is  superior  to  the  chromate  finish  in 
its  ability  to  withstand  shelf  aging  in  the  factory 
atmosphere  without  appreciable  loss  of  reactivity. 
However  it  has  been  found  that  the  burnishing 
brushes  must  be  kept  free  from  oils,  greases,  waxes, 
or  other  materials  which  would  tend  to  leave  a sur- 
face fdin.  Any  surface  film  prevents  the  free  wetting 
of  the  anode  surface  by  the  salt  water.  For  this  rea- 
son, it  has  been  judged  advisable  to  provide  for 
the  final  scratch-brushing  in  the  factory  just  before 
processing  for  assembly. 

Cathode  Research 

Many  possible  cathode  materials  were  investi- 
gated. The  study  included  most  of  the  common 
oxidation-reduction  reactions  for  which  half-cell 
electromotive  force  values  are  published.  Most  of 
the  cathode  materials  investigated  polarized  too 
badly  or  were  not  readily  applicable  for  use  in  a 
sea-water  electrolyte.  The  most  effective  type  of  re- 
action was  that  of  reduction  of  a metallic  oxide 
or  salt  to  the  metal.  From  the  position  of  silver 
in  the  electromotive  force  table,  silver  salts  were 
the  best  practical  choice.  Copper  salts  were  also 
studied  but  their  lower  voltage  and  lesser  stability 
prevented  their  use  in  a battery  in  which  maximum 
power  and  reproducibility  were  required. 

After  careful  investigation  of  the  various  avail- 
able silver  salts,  silver  chloride  was  chosen  as  the 
most  practical  cathode  material.  Silver  salts  less 
soluble  than  silver  chloride,  such  as  the  bromide, 
iodide,  and  sulfide,  give  lower  voltages  per  cell. 
Silver  salts  more  soluble  than  silver  chloride,  such 
as  chromate,  phosphate,  carbonate,  and  nitrate,  give 
initially  higher  voltages,  but  since  these  salts  change 
to  chloride  during  the  time  the  battery  operates, 
the  voltage  drops  to  the  chloride  value  and  thus 
produces  an  unsatisfactory  discharge  curve.  Also, 
the  more  soluble  salts  are  not  so  readily  prepared 
in  suitable  form  for  cathodes. 

Three  general  types  of  silver  chloride  cathodes 
have  been  developed;  the  anodized,  the  rolled,  and 
the  cast.  By  far  the  largest  number  of  cathodes  pro- 
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duced  have  been  made  of  the  anodized  silver  screen 


type. 

Type 

Anodized  silver  screen 

Rolletl 

Cast 


Nunil)er  made 
65,800 
8.900 
1,450 


Anodized  Caihodes 

The  method  first  developed,  and  subsequently 
most  used,  for  applying  silver  chloride  to  silver  is 
an  electrochemical  one,  and  the  product  is  known 
as  an  anodized  cathode.  In  it  the  plate  to  be  coated 
is  made  to  function  as  an  anode  in  a chloride  solu- 
tion so  that  the  chloride  ions  which  arrive  at  the 
surface  convert  the  outer  layers  to  silver  chloride. 
By  this  method  the  amount  of  silver  transformed 
into  silver  chloride  can  be  controlled  by  controlling 
the  number  of  ampere-minutes  per  unit  area. 

I'he  cathode  base  is  a woven  wire  screen  made 
from  silver  wire  0.012  in.  in  diameter,  woven  to  a 
mesh  of  40  wires  per  inch  in  each  direction.  7'his 
choice  was  made  because  thick  layers  of  chloride 
adhere  better  to  a screen  than  to  a sheet,  and  be- 
cause the  ratio  of  exposed  surface  to  total  mass  of 
silver  is  relatively  high,  thus  providing  conditions 
favorable  to  the  anodizing  process. 

Some  early  efforts  were  directed  toward  using 
cathodes  with  a copper  screen  base,  silver  ])lating 
them,  and  then  anodizing  them.  Although  this 
seemed  to  offer  potential  silver  savings,  it  was  aban- 
doned because  of  its  shortcomings  in  making  bat- 
teries required  to  deliver  power  for  more  than  a 
very  few  minutes.  Since  the  silver  plating  was  not 
uniform,  especially  at  the  crossover  points,  some 
copper  became  exposed  early  in  the  anodizing  proc- 
ess and  the  discharge  of  copper  into  the  solution 
prevented  further  formation  of  silver  chloride. 

Anodized  silver-screen  cathodes,  unless  further 
processed,  proved  to  be  undesirably  slow  in  come- 
up,  principally  because  silver  chloride  is  a poor  con- 
ductor of  electricity  and  thus  acts  as  an  insulating 
layer  over  the  metallic  silver  core.  This  was  remedied 
by  research  which  led  to  two  subsequent  treatments 
referred  to  as  activation  and  development. 

Activation  is  an  operation  in  which  a little  of  the 
silver  chloride  coating  is  converted  back  to  metallic 
silver.  The  first  step  is  taken  by  placing  the  chloride- 
coated  plate  in  a salt  solution  and  causing  it  to  act 
as  a cathode  at  a high  current  density  for  a short 
period  of  time.  In  this  process  the  cathodic  action 


concentrates  at  the  points  where  the  resistance  of 
the  chloride  layer  is  lowest  and  small  snowflake- 
shaped areas  of  metallic  silver  develop  on  the  sur- 
lace  of  the  plate.  Moreover,  small  filaments  of  metal- 
lic silver  arc  formed  leading 'from  the  surface  areas 
through  the  chloride  to  the  uncberlying  silver.  If 
such  low-resistance  paths  arc  not  formed  when  the 
cathodes  arc  made,  the  discharging  battery  must 
form  them,  thereby  delaying  full  power  delivery 
until  the  conducting  paths  have  been  created. 

I he  second  step  in  the  process  consists  of  treat- 
ment ol  the  activated  plates  in  a solution  of  photo- 
graphic developer.  Such  treatment  puts  a thin  film 
of  porous  metallic  silver  over  the  entire  cathode 
surface.  I'his  film  interconnects  the  entire  plate  sur- 
face with  the  underlying  silver  through  the  filament 
linkages  of  the  activated  areas. 

The  third  and  final  step  in  preparing  anodized 
cathodes  consisted  of  compressing  them  in  a hy- 
draulic press  with  a pressure  of  about  2 tons  per 
square  inch.  1 his  reduces  the  thickness  from  about 
0.038  to  0.022  in.  and,  in  so  doing,  substantially 
improves  physical  properties  such  as  flatness,  sur- 
face finish,  and  homogeneity.  Figure  6 shows  sche- 
matically the  various  steps  described  above  in  the 
preparation  of  an  anodized  cathode. 

An  anodized  silver-screen  cathode  made  as  de- 
scribed above  has  a capacity  of  approximately  7.5 
amp-min  per  square  inch  on  each  side.  At  most 
rates  of  discjiarge,  about  85  to  95  per  cent  of  the 
available  chloride  is  utilized  in  the  useful  voltage- 
current  range  ol  operation.  For  this  reason  a design 
figure  of  6.4  amp-min  j^er  square  inch  of  cathode 
surface  has  been  selected  for  general  use. 

Anodized  cathodes  are  used  in  multiplate  cell 
construction  which  employs  in  the  same  cell  as  many 
anodes  in  parallel  and  as  many  cathodes  in  parallel 
as  are  needed  to  furnish  the  required  current.  Since 
most  apjflications  call  for  a discharge  time  of  from 
3 to  6 min,  the  available  capacity  of  6.4  amp-min 
per  square  inch  causes  the  usual  current  density 
to  be  in  the  range  of  1.0  to  2.0  amp  per  square  inch. 
These  batteries  can  be  operated  at  considerably 
higher  current  densities,  but  generally  this  is  not 
desirable  because  the  voltage  output  drops  appre- 
ciably as  the  current  density  is  increased  beyond 
2 amp  per  square  inch.  The  time  of  operation,  which 
is  the  time  it  takes  for  the  silver  chloride  to  become 
changed  to  silver,  is  very  nearly  inversely  propor- 
tional to  the  current  density. 
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Rolled  Silver  Chloride  Cathodes 

The  fact  that  silver  chloride  can  be  rolled  to  sheet 
form  either  from  a billet  or  from  the  molten  state 
permitted  it  to  be  used  in  the  development  of  a 
second  type  of  silver  chloride  cathode.  The  resultant 
product  has  physical  properties  not  usually  associ- 
ated with  metallic  salts.  In  appearance  the  rolled 


sheet  resembles  a transparent  organic  plastic,  while 
its  physical  behavior  is  very  similar  to  that  of  a 
soft  heavy  metal,  such  as  lead. 

Advantage  was  taken  of  the  soft  metallic  prop- 
erties of  the  silver  chloride  to  embed  in  it  discrete 
glass  beads  which  acted  as  insulating  separators.  The 
unit  developed  for  use  with  this  type  of  cathode 


AS  RECEIVED 


PURE  SILVER 
40"x  40"  MESH 
012"  WIRE 


POROUS 
REDUCED  SILVER 


SILVER 

CHLORIDE 


ANODIZED 


SILVER  PARTLY 
CONVERTED  TO 
SILVER  CHLORIDE 


ACTIVATED 


BRIDGES  OF 
POROUS  SILVER 
FORMED 


Figure  6.  Schematic  cross-sectional  view  of  three  silver  wires;  successive  stages  in  electrochemical  processing  of  silverware 
cloth  in  cathodes. 
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FOIL 

Figure  7.  Cross  section  of  duplex  battery  assembly. 

consists  of  a sheet  of  rolled  silver  chloride  with  the 
embedded  glass  bead  insulators,  a thin  foil  of  fine 
silver,  and  a magnesium  sheet  anode.  These  are 
assembled  in  the  correct  order  and  held  together 
by  cement  applied  to  the  edges  to  form  a compound 
unit  referred  to  as  a duplex  electrode.  The  duplex- 
type  battery  assembly  of  Figure  7 shows  the  glass 
beads  embedded  in  the  soft  silver  chloride,  the  posi- 
tion of  the  silver  foil,  and  the  magnesium  anode. 

Since  the  glass  beads  are  embedded  to  full  depth 
in  the  soft  silver  chloride,  they  serve  to  press  the 
chloride  firmly  against  the  silver  foil  at  frequently 
spaced  points  and  also  to  hold  the  silver  foil  against 
the  magnesium.  This  provides  a low-resistance  path 


from  the  cathode  of  a cell  to  the  anode  of  the  ad- 
joining cell,  and  thus  assures  good  series  connection 
of  the  cells. 

The  use  of  rolled  silver  chloride  as  a cathode  mate- 
rial also  involved  the  development  of  a new  method 
to  make  the  cathode  respond  quickly  upon  the  ad- 
mission of  the  sea  water  to  the  battery.  Low-resistance 
current  paths  had  to  be  provided  to  conduct  the 
current  generated  on  the  face  of  the  cathode  back 
through  it  to  the  silver  foil.  This  was  accomplished 
by  perforating  the  sheet  silver  chloride  with  holes 
about  0.020  in.  in  diameter  and  0.25  in.  apart  and 
then  treating  the  perforated  sheet  with  a photo- 
graphic developer.  This  process  produced  a silver 
coating  on  both  sides  of  the  sheet  and  on  the  walls 
of  the  perforations.  It  performed  the  same  function 
as  the  activation  and  development  of  the  anodized 
screen  described  above. 

Cast  Cathodes 

Certain  batteries  which  are  required  to  furnish 
power  for  long  periods  of  time  (up  to  60  hours) 
need  cathodes  carrying  large  amounts  of  silver  chlo- 
ride. It  was  found  that  a heavy  layer  of  this  mate- 
rial could  be  cast  on  both  sides  of  a special  silver 
insert.  This  insert,  which  may  be  either  a screen 
or  a sheet  structure,  is  corrugated  so  that  it  comes 
to  the  surface  on  both  sides  of  the  cast  slab  at  the 
crests  of  the  corrugations.  The  cast  slab  is  given  a 
porous  silver  surface  by  treatment  in  a photographic 
developer  similar  to  that  used  with  the  anodized 
cathodes  and  with  the  rolled  silver  chloride  cathodes. 

Separator  Research 

One  feature  common  to  the  design  of  all  sea- 
water batteries  is  that  insulating  spacers  must  be 
provided  to  separate  the  electrodes  mechanically  and 
electrically  and,  at  the  same  time,  to  provide  inter- 
electrode channels  for  the  free  circulation  of  sea 
water.  The  design  of  the  spacers  must  be  such  that 
the  electrode  surface  exposed  to  the  electrolyte  is 
the  maximum  compatible  with  mechanical  rigidity. 
For  power  types  of  batteries  the  separation  distance 
between  plates  is  of  the  order  of  0.015  to  0.020  in. 

Considerable  exploratory  and  development  work 
was  undertaken  to  find  suitable  materials  for  in- 
sulating sjjacers  and  methods  of  applying  them. 
Among  early  schemes  tried  and  rejected  were  (1) 
cementing  phenolic  strips  to  anodes,  (2)  setting  poly- 
styrene rivets  into  cathodes  at  predetermined  points, 
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and  (3)  using  a sewing  machine  to  apply  stitched 
rows  of  nylon  thread  on  the  cathodes. 

The  two  most  successful  methods  of  providing 
separators  consisted  of  (1)  cementing  0.015-in.  nylon 
filaments  on  the  magnesium  anode  plates,  and  (2) 
embedding  glass  beads  in  the  silver  chloride  of  the 
cathode  plates. 

Nylon  Filament  Separators 

Considerable  development  work  was  done  before 
a satisfactory  method  of  cementing  nylon  filaments 
to  the  magnesium  anode  was  evolved.  The  filaments 
must  be  positioned  precisely  on  the  anodes;  other- 
wise, when  alternate  cathodes  and  anodes  are 
pressed  together  in  the  assembled  battery,  the  cath- 
odes become  corrugated.  In  order  to  insure  accu- 
rate alignment,  a special  fixture  was  developed  to 
hold  the  filaments  firmly  while  they  were  being  ce- 
mented to  the  anode.  The  filaments  are  strung  in 
parallel  rows  on  the  fixture,  dipped  in  cement,  ac- 
curately lined  up  with  the  magnesium  anode  plate, 
and  brought  in  contact  with  it.  Anode  and  fixture 
are  then  passed  through  an  oven  where  the  cement- 
covered  filaments  are  baked  in  place. 

Glass  Bead  Separators 

Research  showed  that  spherical  glass  beads,  when 
embedded  in  the  soft  silver  chloride  of  the  cathode, 
act  as  very  satisfactory  separators.  In  order  to  give 
a spacing  of  0.015  in.  between  electrodes,  it  is  nec- 
essary that  the  beads  have  a diameter  0.015  in. 
treater  than  the  cathode  thickness.  It  was  found 

o 

necessary  to  use  nearly  spherical  beads  in  order  to 
give  uniform  spacing  of  electrodes  and  to  make  pos- 
sible machine  methods  of  beading.  It  was  also  found 
that  a pressure  of  about  25  lb  was  sufficient  to  push 
the  beads  to  the  desired  depth  in  the  silver  chloride 
sheet  without  crushing  them,  and  that  the  beads 
provided  satisfactory  insulation  when  they  were 
spaced  about  0.1 25. in.  apart  laterally  and  longi- 
tudinally in  the  cathode. 

Special  machinery  had  to  be  developed  to  sort  and 
embed  the  beads.  The  small  glass  pellets  used  were 
supplied  from  a material  known  commercially  by 
the  trade  name  of  Ballotini,  but  they  were  not  uni- 
form in  size  or  spherical  in  shape.  Therefore  special 
apparatus  had  to  be  used  to  select  reasonably  spheri- 
cal beads  of  the  proper  diameter. 

Originally  the  beads  were  sorted  for  size  by  pass- 
ing them  through  a series  of  grading  sieves  of  the 
type  used  in  particle  separation  analysis.  Subse- 


Figure  8.  Roller  machine,  sorting  beads  for  diameter. 


quently  a machine  was  developed  which  consists  of 
a pair  of  inclined  parallel  cylindrical  rollers,  driven 
at  slow  speeds  in  opposite  directions.  The  spacing 
of  the  cylinders  can  be  adjusted  so  that  when  the 
beads  are  fed  into  the  rolls  at  the  upper  end,  beads 
of  a given  size  or  smaller  fall  through  the  slot  be- 
tween the  rolls;  the  larger  beads  roll  down  the  in- 
cline and  off  at  the  end  of  the  rolls.  By  adjustment 
of  the  roll  spacing,  selective  sorting  can  be  used  to 
produce  any  desired  size.  Figure  8 shows  a picture 
of  this  machine. 

Since  a large  percentage  of  the  glass  pellets  fur- 
nished in  commercial  Ballotini  are  not  spherical, 
it  was  necessary  to  develop  a special  vibrating  plate 
machine  which  sorts  beads  for  sphericity.  The  beads 
are  fed  to  one  corner  of  a specially  baffled,  slightly 
inclined,  vibrating  plate.  Nonspherical  beads  follow 
a course  to  one  side  of  the  plate,  and  round  ones 
roll  off  the  lower  edge.  A number  of  different  baffle 
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Figure  9.  Vibrating-plate  machine,  sorting  beads  for 
sphericity. 


patterns  had  to  be  tried  before  a satisfactory  one 
was  found.  Figure  9 shows  this  machine  with  the 
baffle  plate  which  proved  most  effective.  An  inter- 
esting feature  of  this  machine  is  that  the  surface 
of  the  plate  must  be  treated  with  graphite  and  the 
machine  grounded  to  drain  off  static  electricity  gen- 
erated by  the  rolling  beads.  Unless  this  is  done,  the 
static  charges  cause  the  beads  to  be  drawn  into  clus- 
ters and  effective  operation  of  the  device  ceases. 

Early  experimental  work  showed  that  it  was  pos- 
sible to  embed  glass  beads  in  the  silver  chloride 
sheet  by  applying  a pressure  of  about  25  lb  per  head. 
At  first  an  hydraulic  press  was  used,  but  the  beads 
were  so  insecurely  fastened  that  many  of  them  fell 
out  and  had  to  be  replaced  by  hand.  Later  two  ma- 
chines were  developed  which  formed  the  silver  chlo- 
ride into  a close-fitting  collar,  or  bezel,  around  each 
embedded  bead  just  above  its  equator.  The  first 
type  (see  Figure  10)  embedded  beads  in  a continu- 
ous strip  of  silver  chloride  about  1.25  in.  wide.  Suc- 


cessful practical  service  was  obtained  from  this 
device. 

The  second  type  of  bead-setting  machine  is  known 
as  the  corn  planter  and  is  designed  to  set  beads  0.125 
in.  apart  and  at  0.125-in.  intervals  in  sheets  12  in. 
wide  and  from  2 to  6 ft  long.  This  machine  operates 
by  planting  row  afte;^  row  with  a plunger-like  action. 
It  was  used  for  experimental  beading  only  and  would 
require  some  additional  development  work  to  bring 
it  to  a state  suitable  for  production  use. 

OTHr:R  Separators 

For  certain  designs  in  which  the  spacing  between 
electrodes  is  greater  than  0.020  in.,  separators  need 
not  be  so  closely  spaced  and  materials  other  than 
nylon  filaments  or  glass  beads  have  been  used.  In- 
sulating washers  were  used  with  cast  cathodes  and 
with  certain  other  designs  while  phenolic  strips  ce- 
mented to  the  anodes  were  utilized  in  certain  “bea- 
con” batteries. 

'24  PRINCIPLES  OF  MECHANICAL 
DESIGN 

Mechanical  design  must  provide  for  making  plate 
and  cell  connections,  supporting  the  battery  plates, 
establishing  and  maintaining  plate  separation,  en- 
casing the  battery  in  an  insulating  container,  and 
insuring  adequate  flow  of  sea  water  through  the 
battery.  Also  the  design  should  be  such  that  (1) 
weight  and  size  are  kept  small,  (2)  leakage  currents 
arc  held  to  a minimum,  (3)  correct  valving  and  irri- 
gation is  secured,  (4)  the  battery  has  a long  shelf  life 


Figure  10.  Model  1 beadsetting  machine. 
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and  quick  come-up,  and  (5)  satisfactory  voltage-cur- 
rent-time characteristics  are  secured.  These  items 
are  discussed,  in  order,  in  the  following  paragraphs. 

Design  for  Low  Weight  and  Reduced  Size 

The  mechanical  design  of  the  sea-water  battery 
must  be  such  that  its  weight  and  size  are  a minimum 
for  the  required  energy  output.  This  is  accomplished 
by  employing  (1)  the  minimum  feasible  plate  spac- 
ing, (2)  the  lightest  case  which  will  support  the  bat- 
tery pile-up,  (3)  the  smallest  feasible  water  passages, 
and  (4)  the  optimum  thickness  and  weight  of  battery 
plates  to  give  the  required  voltage-current-time  char- 
acteristics. The  final  shape  should  permit  efficiency 
in  production  and  ease  of  installation. 

To  show  how  a typical  sea-water  battery  compares 
with  a conventional  battery  in  weight  and  size,  the 
80-kw  power  supply  for  a Mark  18  torpedo  may  be 
cited.  The  conventional  storage  battery  unit  weighs 
272  lb  per  kilowatt-hour  and  occupies  8.8  cu  ft  of 
space,  whereas  a sea-water  battery  unit  designed 
for  the  same  purpose  weighs  54  lb  per  kilowatt-hour 
and  occupies  2.1  cu  ft  of  space.  The  sea-water  bat- 
tery has  a weight  advantage  of  about  5 to  1 and  a 
volume  advantage  of  about  4 to  1. 

Design  to  Minimize  Current  Leakage  Losses 

As  pointed  out  above,  it  is  essential  that  leakage 
currents  be  kept  at  a minimum.  Except  for  a few 
batteries  designed  for  long-time  use,  sea-water  bat- 
teries are  operated  in  a common  electrolyte,  without 
any  means  of  intercell  separation  except  that  re- 
quired to  prevent  simple  metallic  contact  between 
adjacent  cells.  This  use  of  a common  electrolyte 
imposes  the  strict  design  requirement  that  water 
passages  be  as  small  as  possible  so  that  there  may 
be  a minimum  of  conducting  path  between  water 
inside  the  battery  and  any  external  conductors.  In 
general,  the  practice  followed  in  this  respect  has 
been  to  encase  the  battery  plate  pile-up  in  an  in- 
sulating container,  usually  made  of  phenolic  mate- 
rial. The  joints  of  this  container  are  made  as  water- 
proof as  possible,  by  cementing  or  by  other  means, 
and  water  entrance  and  exit  holes  are  kept  as  small 
as  is  compatible  with  proper  irrigation  for  the 
battery. 

In  many  battery  designs  it  has  been  possible  to 
place  the  entrance  and  exit  holes  of  the  battery  at 
points  of  equal  potential.  For  instance,  in  the  case 
of  torpedo  batteries  both  holes  are  at  the  forward 
end  of  the  battery.  In  the  design  of  batteries  in- 


tended for  discharge  over  long  periods  of  time,  the 
cells  are  individually  housed  in  insulating  containers 
and  the  water  holes  communicating  with  the  com- 
mon electrolyte  are  made  quite  small  to  give  a high- 
resistance  water  path  between  cells.  An  example 
of  this  type  of  construction  is  the  Pentagon  (5-3-BP) 
battery  which  is  one  of  the  low-power,  long-time 
batteries  described  in  subsequent  text. 

In  addition  to  the  limitation  of  current  losses  by 
means  of  the  methods  discussed  above,  it  is  the  gen- 
eral practice  to  insulate  all  metal  parts  where  local 
current  leakage  would  result  in  loss  of  capacity  and 
would  corrode  terminals,  electrode  edges,  or  other 
important  battery  elements.  This  type  of  protection 
is  sometimes  accomplished  by  painting  the  surfaces 
involved  with  an  insulating  material. 

Design  of  Valving  and  Irrigation 
Instrumentalities 

Proper  means  must  be  furnished  for  admitting 
sea  water  when  it  is  desired  to  start  operation  of 
the  battery.  This  is  ordinarily  accomplished  by  means 
of  a valve  or  valves  in  the  metal  battery  housing. 
The  simplest  battery  design,  however,  requires  only 
tab-covered  holes  in  the  housing.  The  tabs  are  re- 
moved manually  before  the  unit  is  put  into  opera- 
tion. In  such  simply  designed  batteries,  pumping 
action  of  the  evolved  hydrogen  maintains  the  irri- 
gation required  to  remove  the  products  of  corrosion. 

In  the  case  of  torpedo  batteries,  the  design  of  the 
valving  and  irrigating  system  is  considerably  more 
complicated.  Sea  water  must  fill  the  spaces  between 
battery  plates  within  a very  short  time  after  firing 
of  the  torpedo  so  that  power  may  be  quickly  avail- 
able for  propulsion.  A uniform  and  rapid  flow  must 
then  be  maintained  to  remove  the  swiftly  formed 
corrosion  products  and  the  heat  generated  in  the 
battery.  To  obtain  such  effects,  the  electrolyte  must 
be  forced  through  the  battery  by  positive  means, 
since  the  action  of  evolved  hydrogen  alone  is  inade- 
quate. Special  scoops  have  been  designed  to  force 
water  into  the  battery,  and  the  internal  water  pas- 
sages have  been  proportioned  so  that  the  electrolyte 
may  be  uniformly  distributed.  Since  small  quanti- 
ties of  moisture  adversely  affect  the  battery’s  shelf 
life,  the  valves  used  must  be  designed  so  that  they 
remain  tight  until  the  battery  is  put  into  use.  They 
must  be  strong  enough  to  withstand  the  hydrostatic 
pressures  to  which  they  may  be  exposed,  and  they 
must  be  protected  against  corrosion. 


CONFIDENTIAL 


DEVELOPMENT,  CONSTRUCTION,  AM)  TESTING 


247 


Design  for  Long  Shelf  Life  and  Quick  Come-up 

One  of  the  advantages  of  the  sea-water  battery  is 
the  long  shelf  life  which  can  be  realized  if  proper 
precautions  are  taken  in  the  design,  manufacture, 
and  storage  of  the  battery.  Battery  elements,  par- 
ticularly the  magnesium  anodes,  must  be  kept  free 
of  moisture  during  the  manufacturing  process  and 
must  be  maintained  in  a dry  atmosphere  until  the 
instant  of  use.  Moisture  corrodes  the  magnesium 
surface  and  thereby  increases  the  come-up  time,  i.e., 
the  time  retpiired  to  reach  substantially  75  per  cent 
of  full  power.  Batteries  are  usually  stored  or  installed 
in  dry  air,  dry  nitrogen,  or  a vacuum. 

It  is  also  of  considerable  importance  that  certain 
organic  contaminants  be  kept  away  from  the  battery 
plates  both  in  manufacture  and  in  storage.  Such 
materials  prevent  proper  wetting  and  thus  delay  the 
come-up  time  of  the  battery.  Lheir  presence  is 
avoided  by  selecting  only  those  insulating  materials 
which  have  been  found  free  from  substances  wiiich 
affect  the  surface  of  the  magnesium  plates.  Unplas- 
ticized phenolic  molding,  polystyrene,  and  nylon 
have  been  found  satisfactory  as  insulating  materials. 
The  use  of  sulphur-bearing  substances  is  avoided 
to  prevent  tarnishing  of  the  silver  fdm  on  the  cath- 
ode surfaces. 

Design  to  Give  Satisfactory  Voltage- 
Current-Time  Characteristics 

The  voltage-current-time  characteristics  of  any 
particular  battery  are  determined  by  the  recpiire- 
ments  of  the  device  which  the  battery  is  to  oper- 
ate, and,  in  general,  can  be  met  by  connecting  the 
proper  number  of  suitable  cells  in  series  and  parallel. 
The  length  of  time  that  the  battery  is  to  operate 
determines  the  type  and  thickness  of  the  cathode 
to  be  used,  and  the  thickness  of  the  anode  must 
then  be  compatible  with  the  thickness  of  the  cath- 
ode chosen.  The  thickness  of  the  cathode  determines 
the  capacity  of  the  battery  in  ampere-minutes  per 
square  inch.  If  this  capacity  is  divided  by  the  time 
of  discharge,  the  operating  current  density  in  am- 
peres per  square  inch  is  secured.  Once  the  operating 
current  density  is  known,  the  operating  voltage  per 
cell,  for  any  specified  temperature,  can  be  obtained 
from  curves  similar  to  those  shown  in  Figure  3. 

These  curves  show  that  on  open  circuit  a cell  fur- 
nishes an  electromotive  force  of  approximately  1.55 
V,  but  that  this  value  rapidly  decreases  as  the  cur- 
rent density  is  increased.  For  example,  if  it  is  nec- 
essary to  maintain  a current  density  of  1.4  amp  per 


square  inch  at  15  C,  the  operating  voltage  of  a cell 
would  be  1 V.  Once  a battery  is  put  into  operation 
and  is  furnishing  a constant  current,  the  voltage- 
time discharge  curve  remains  fairly  flat  as  shown  in 
Figure  2.  I he  voltage  does  mot  begin  to  drop  off 
until  the  knee  of  the  curve  'or  the  end  of  the  dis- 
charge time  is  reached. 

Internal  resistance  also  affects  the  operating  volt- 
age of  a cell.  Operating  voltage  is  the  difference  be- 
tween the  cell’s  electromotive  force  and  the  internal 
resistance  multiplied  by  the  current  flowing.  For 
cells  which  must  furnish  large  currents,  internal 
resistance  must  be  reduced  to  a minimum  by  making 
the  space  between  the  plates  as  short  as  possible. 
By  proper  design  the  desired  currents  can  be  se- 
cured, but  certain  mechanical  features  and  manu- 
facturing limitations  must  be  provided  for  at  the 
same  time. 

I'he  voltage  requirements  for  sea-water  batteries 
vary  widely.  The  small  detonator  battery  requires 
only  1 V,  whereas  a big  torpedo  battery  may  re- 
quire as  much  as  140  v.  Any  required  voltage  may 
be  secured  by  connecting  the  proper  number  of  cells 
in  series. 

The  area  which  the  plates  of  a cell  must  have  is 
determined  by  dividing  the  operating  current  density 
into  the  total  current  which  the  battery  must  fur- 
nish. Thus  the  battery  which  is  used  to  drive  the 
Mark  26  torpedo  requires  a current  of  2,100  amp. 
If  its  operating  current  density  is  1.4  amp  per  square 
inch,  the  area  necessary  for  the  plates  of  this  battery 
is  1,500  stj  in.  14iis  area  can  be  secured  either  by 
connecting  a number  of  cells  in  parallel  or  by  em- 
ploying a single  set  of  electrodes  with  sufficient  area. 

>2  5 DEVELOPMENT,  CONSTRUCTION, 

AND  TESTING  OF  SPECIFIC 
BATTERIES 

Torpedo  Batteries 

General  Survey 

The  major  part  of  the  work  on  sea-water  batteries 
was  concerned  with  the  development  of  batteries 
for  torpedo  propulsion.  The  original  request  that 
the  possibility  of  sea-water  propulsion  batteries  be 
investigated  was  a result  of  the  successful  perform- 
ance of  the  7-4()-M  proximity  fuze  battery.  Work 
on  small  propulsion  units  which  were  developed 
and  bench-tested  in  the  laboratory  progressed  to 
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Figure  11.  Sea-water  power  battery  functional  schematic. 


large  units  as  questions  about  design,  materials,  and 
manufacturing  methods  were  explored  and  an- 
swered. When  it  was  found  that  satisfactory  current 
densities  and  ampere-minute  capacities  could  be 
attained,  work  was  undertaken  on  a small  8-kw, 
50-v,  160-amp,  book-type  sea-water  battery  with  a 
5-min  rating.  Several  models  of  this  battery  were 
bench-tested  in  the  laboratory,  and  then  range-tested 
in  a small  torpedo-like  device.  From  these  tests  in- 
formation was  secured  which  served  to  guide  the 
design  of  models  with  larger  capacity. 

The  next  step  was  taken  when  four  120-kw,  150-v, 
800-amp  batteries  were  made  by  suitable  series- 
parallel  combinations  of  component  assemblies,  each 
having  75  book-type  cells.  Two  of  these  batteries 
were  range-tested  in  a full-size  Mark  18  torpedo. 
The  tests  yielded  the  following  important  infor- 
mation: (1)  the  batteries  showed  the  expected  power- 
time characteristics,  (2)  the  batteries  were  able  to 
drive  the  torpedoes  at  speeds  of  31  and  32  knots, 
(3)  the  torpedoes  showed  no  visible  wake  in  spite 
of  the  fact  that  hydrogen  evolution  is  a characteristic 
of  sea-water  batteries,  (4)  the  rise  to  full  voltage 
occurred  within  a few  seconds  after  firing,  and  (5) 
it  was  found  possible  to  irrigate  a large-size  battery 
effectively  during  the  torpedo  run,  provided  proper 


ports  for  entry  and  exit  of  sea  water  are  included 
in  the  design.  The  battery  housing  and  irrigating 
system  used  in  these  tests  is  shown  schematically  in 
Figure  11. 

Successful  bench  and  range  tests  of  the  120-kw 
book-type  battery  hastened  completion  of  the  more 
efficient  multiplate  type  of  design.  Work  was  begun 
on  batteries  with  the  capacities  needed  to  operate 
the  Mark  20  (175-kw)  and  the  Mark  26  (250-kw) 
torpedoes.  In  early  models  no  irrigation  problems 
were  considered  beyond  the  use  of  ample  openings 
in  the  torpedo  shell  to  allow  large  amounts  of  sea 
water  to  enter  and  leave  the  battery.  In  later  models, 
forced  irrigation  was  found  necessary,  quick  open- 
ing valves  were  adopted,  and  the  battery  was  evacu- 
ated in  order  to  insure  quick  filling. 

In  order  to  perform  bench  tests  on  the  various 
models  during  their  development,  the  discharge  tests 
were  run  in  torpedo-like  housings  known  as  the 
“iron  pony”  and  the  “iron  horse.”  Inlet  and  outlet 
ports  were  provided,  instantaneously  acting  water 
valves  were  installed,  and  salt  water  was  pumped 
through  the  assembly  to  simulate  an  actual  torpedo 
run.  Precise  controls  were  maintained  over  water 
salinity,  temperature,  and  circulation  rate,  and  over 
the  resistance  load  into  which  the  battery  discharged 
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current.  Provision  was  made  for  obtaining  data  as 
follows:  (1)  a motion-picture  photographic  record 
of  all  panel  meter  readings  was  made,  (2)  a six-ele- 
ment permanent-magnet  oscillograph  was  used  to 
record  the  voltage  of  each  section  of  the  battery, 
and  (3)  precision-type  laboratory  meters  were  read 
at  specified  intervals. 

Bench  tests  with  the  iron  horse  resulted  in  the 
perfection  of  numerous  improvements  before  actual 
range  tests  were  performed.  In  this  way  time  and 
energy  were  conserved,  for  it  was  found  that  the 
range  method  of  testing  performances  during  devel- 
opment was  very  inefficient. 

Construction  and  Tests  of  Book-Type  Batteries 

General  Description.  Preliminary  models  of  tor- 
pedo batteries  were  of  the  book-type  construction. 
Essentially  each  “book,”  which  is  in  the  form  of 
the  letter  Z,  contains  two  magnesium  anodes,  one 
anodized  silver  cathode,  and  an  insulating  separator 
of  phenolized  nylon.  One  side  of  each  magnesium 
antxle  has  cemented  to  it  nylon  filaments  which  act 
as  separators  when  the  books  are  stacked  together 
to  make  a battery.  I'he  books  are  stacked  together 
by  inserting  the  silver  cathf)de  of  one  cell  between 
the  two  magnesium  anodes  of  the  next  one.  I he 
interleaving  of  the  books  results  in  a somewhat 
loosely  packed,  accordion-like  assembly,  in  which 
the  spacing  between  electrodes  is  variable  and,  in 
general,  greater  than  reejuired  for  efficient  perform- 
ance. After  being  interleaved,  the  cell  groups  are 
therefore  compressed  until  the  overall  thickness 
closely  approaches  the  sum  of  the  thicknesses  of  the 
individual  books. 

The  8-kw  Batteiy.  Among  the  first  batteries  of 
this  type  constructed  was  the  8-kw  unit  designed 
to  deliver  IfiO  amp  at  50  v for  5 min.  It  was  bench- 
tested  in  the  laboratory  by  discharging  it  in  a tank 


of  salt  water  and  making  measurements  of  its  va- 
rious characteristics.  Figure  12  shows  the  results  of 
the  tests  on  one  of  these  batteries.  It  will  be  noted 
how  closely  the  performance  followed  the  desired 
characteristics.  1 he  battery  has  a cjuick  come-up 
and  tends  to  maintain  a uniform  voltage  through- 
out the  run.  At  the  end  of  5 min,  the  voltage  is  still 
85  per  cent  of  its  nominal  value. 

following  the  bench  tests,  some  30  range  tests 
were  made  with  8-kw  batteries.  In  order  to  compen- 
sate for  the  low  salinity  experienced  at  Solomons 
Island,  Maryland,  where  the  range  tests  were  car- 
ried on,  variations  in  the  number  of  cells  per  battery 
were  made.  Figure  13  shows  a typical  discharge  curve 
for  one  of  these  range  runs.  7 he  results  of  these  tests 
were  deemed  satisfactory,  so  that  development  work 
on  larger  capacity  batteries  for  high-speed  torpedoes 
was  given  added  emphasis. 

120-kiv  Battery.  I he  next  book-type  battery  to  be 
tested  was  the  120-kw  model,  designed  to  deliver 
760  amp  at  154  v,  for  5 min.  One  of  these  batteries 
was  bench-tested  by  inserting  it  in  a specially  built 
Mark  18  battery  compartment  and  immersing  it 
in  a tank  of  artificial  sea  water.  No  attempt  was 
made  to  gain  forced  circulation  of  the  electrolyte, 
but  irrigation  was  provided  by  the  self-pumping  ac- 
tion of  the  evolved  hydrogen.  A direct-connected  d-c 
generator  working  into  a resistance  load  was  em- 
ployed to  simulate  the  normal  Mark  18  motor.  The 
results  of  these  bench  tests  are  shown  in  Figure  14. 
Two  similar  batteries  were  placed  in  modified  Mark 
18  torpedoes  and  range  tested  at  Newport,  R.  I., 
in  near-freezing  water.  14ie  results  showed  (1)  that 
the  battery  could  develop  the  required  power  even 
in  cold  water,  (2)  that  it  could  drive  the  torpedo 
at  a speed  of  30  knots  or  greater  over  a 5,000  yd 
range,  (3)  that  it  had  a sufficiently  rapid  come-up 
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Figure  14.  Sea-water  battery  constructed  from  ten  75-1-P 
units;  bench  test. 


Figure  15.  Sea-water  battery  constructed  from  ten  75-1-P 
units;  range  test  at  Newport,  R.  I. 


to  permit  good  control  of  the  torpedo  during  the 
initial  stages  of  the  run,  and  (4)  that  it  left  no 
visible  wake.  Figure  15  shows  the  discharge  curves 
for  one  of  these  runs. 

Construction  and  Tests  of  Multiplate-Type 
Batteries 

General  Description.  Although  the  book  type  of 
battery  construction  proved  satisfactory,  it  was  not 
economical  of  weight  and  space  chiefly  because  each 
cell  was  composed  of  two  anodes  and  one  cathode. 
The  multiplate-type  cell  is  superior  to  the  book  type, 
not  only  as  far  as  weight  and  space  are  concerned, 
but  also  in  its  electrical  characteristics.  The  multi- 
plate-type  of  construction  was  employed  in  all  bat- 
teries for  torpedoes  which  required  large  amounts 
of  power  such  as  the  Mark  20  (175-kw)  and  the  Mark 
26  (250-kw). 

A description  of  the  research  and  development 
on  anodes,  cathodes,  and  separators  for  the  multi- 
plate-type  cell  is  given  in  Section  12.3.  Some  of  the 
features  developed  for  the  book-type  cell,  such  as 
the  anodized  screen  method  of  making  cathodes,  the 
cementing  of  nylon  filaments  on  anodes,  and  the 
development  of  phenolized  nylon  cloth  to  provide  a 
very  thin  but  pore-free  insulating  separator  were 
also  used  in  the  multiplate-type  cells.  However  other 
features  had  to  be  developed  specifically  for  the 
multiplate  batteries. 

In  order  to  build  up  batteries  of  large  capacity, 
such  as  those  needed  for  the  Mark  20  and  the  Mark 
26  torpedoes,  subassemblies,  each  composed  of  ten 
multiplate  cells,  were  utilized.  In  each  subassembly 
cathodes  were  parallel-connected  by  riveting  to- 
gether tabs  located  at  the  edges  of  the  plates.  The 
anodes  were  similarly  parallel-connected.  Series  con- 
nections were  made  by  riveting  the  anodes  of  one 


cell  to  the  cathodes  of  an  adjoining  cell.  Phenolized 
nylon-sheet  insulators  were  placed  between  plates 
and  between  cells.  The  battery  was  built  up  to  the 
desired  capacity  by  bolting  together  as  many  sub- 
assemblies  as  needed.  The  finished  battery  was  en- 
cased in  a phenol-fabric  tube  in  which  it  was  sup- 
ported by  six  phenol-fabric  rails  attached  to  the  tube 
by  screws.  The  forward  end  of  the  battery  casing 
was  sealed  off  by  a heavy  phenolic  plate  having 
suitable  cutouts  at  top  and  bottom  for  water  entry 
to  and  exit  from  the  battery.  One  of  the  finished 
batteries  with  rail  supports  and  end  plates  is  shown 
in  Figure  1. 

A series  of  battery  filling  tests  were  made  on  the 
multiplate-type  battery  with  simulated  battery  struc- 
tures. The  tests  showed  that,  in  the  absence  of  posi- 
tive scooping  action,  complete  quick  filling  of  the 
battery  case  could  be  achieved  only  by  evacuating 
it.  They  also  resulted  in  the  development  of  types 
of  quick-opening  valves  and  demonstrated  the  feasi- 
bility of  having  both  entrance  and  exit  ports  for  the 
sea  water  at  the  same  end  of  the  battery. 

After  batteries  had  been  constructed  for  the  Mark 
20  and  the  Mark  26  torpedoes,  they  were  range-tested. 
It  was  felt  that  such  things  as  battery  come-up,  ad- 
mission and  circulation  of  the  electrolyte,  and  the 
electrical  characteristics  should  be  studied  under 
actual  operating  conditions. 

The  first  range  trials  were  unsuccessful  because 
of  an  inadequate  hydraulic  system.  Therefore  the 
“iron  horse”  was  set  up  to  study  the  internal  and 
external  hydraulic  action  of  the  batteries.  As  a re- 
sult of  these  studies,  a new  system  of  valves  and 
water  passages  was  designed  to  insure  positive  cir- 
culation of  the  electrolyte,  and  the  case  of  the  battery 
was  enlarged  to  provide  internal  water  passages  of 
greater  cross  section.  Bench  tests  showed  that  the 
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TIME  IN  MINUTES 

Fuil’RF  1().  Sea-watci  battery  119-6-0;  Newport  range  test 

in  Mark  20  torpeOo. 

redesigned  internal  hydraulic  system  was  satisfac- 
tory. Subsequent  range  tests  of  batteries  with  the 
new  irrigation  system  showed  adetjuate  How  of  the 
electrolyte  and  delivery  of  full  power,  but  the  rate 
of  come-up  was  slow. 

Tests  to  determine  the  cause  of  the  slow  come-up 
followed  three  lines  of  attack:  (1)  tests  at  Newport, 
R.  I.,  to  see  if  the  sequence  of  valve  openings  or  the 
interference  of  imj)ulse  air  caused  slow  come-up,  (2) 
further  tests  with  the  “iron  horse”  on  hydraulic  con- 
ditions, to  determine  the  effects  of  turbulence  and 
flow,  and  (3)  tests  with  the  “pony”  facilities,  to  study 
the  effects  of  contamination  on  the  surface  j)lates 
of  the  assembled  batteries.  In  the  course  of  the  tests, 
the  cause  of  the  slow  come-up  was  found  to  be  surface 
contamination,  caused  by  the  effects  of  moisture  on 
the  chromate-finished  anode  plates  of  the  assembled 
batteries.  Later  tests  with  batteries  processed  by 
scratch-brushing  unchromated  anodes  or  made  up 
from  freshly  chromated  anodes  gave  very  satisfac- 
tory performance  as  far  as  (piick  come-up  was  con- 
cerned. 

Altogether,  43  range  test  runs  were  completed 
at  Newport,  R.  1.,  on  Mark  20  and  Mark  20  tor- 
pedoes driven  by  multiplate  batteries.  It  was  not 
j)ossible  in  all  cases  to  control  the  variables  which 
affected  battery  performance  only,  since  the  tests  also 
involved  the  study  of  conditions  which  affected  the 
oj^eration  of  the  torpedo  as  well.  As  a residt,  in 
some  runs,  torpedo  performance  was  normal  and  a 
complete  record  relating  voltage,  current,  battery 
come-up,  et  cetera,  was  made.  In  some  runs,  how- 
ever, complete  data  is  lacking  due  to  erratic  torpedo 
behavior,  mechanical  failures,  accidental  water  leak- 
age, failure  to  obtain  complete  oscillograph  records 
of  voltage,  current,  and  time,  or  clogging  of  the 
battery  with  mud  as  the  result  of  too  deep  a dive. 

Battery  for  Mark  20  Torpedo.  Figures  16  and  17 


FuaiRK  17.  Sea-walcr  l)attery  119-6-0;  initial  portion  of 
Newport  range  test  in  Mark  20  torpedo. 


show  typical  performance  data  for  the  Mark  20  tor- 
pedo battery  in  cold  water.  I'he  data  for  Figure  16 
were  obtained  from  a chromated  1 19-6-0  battery  used 
to  drive  a Mark  20  torpedo  on  the  range  at  New- 
port, R.  I.  In  order  that  the  battery  casket  might 
fill  quickly  with  sea  water,  it  was  evacuated  before 
the  torpedo  was  fired,  and  both  top  and  bottom 
valves  were  opened  simultaneously  at  the  instant  of 
Bring.  1 he  voltage-current-power-time  relationships 
are  of  the  order  predicted  from  laboratory  control 
tests.  The  power  remained  at  or  above  75  per  cent 
of  the  peak  value  for  5.27  min,  which  was  sufficient 
to  drive  the  torpedo  over  the  6,8()()-yd  range  at  the 
desired  speed. 

Figure  17  shows  in  detail  the  data  for  the  first 
lO-sec  part  of  the  range  run.  I'he  battery  come-up 
was  satisfactorily  rapid  since  it  reached  75  per  cent 
of  peak  power  in  3 sec.  I'his  means  that  the  torpedo 
with  its  compound  motor,  with  this  battery,  is  able 
to  attain  a speed  of  34  knots  within  the  first  500  yd. 
Such  performance  is  considered  entirely  satisfactory. 

Battery  for  Mark  26  Torpedo.  Figures  18  and  19 
show  typical  performance  data  for  the  Mark  26 
torpedo  when  driven  by  a multiplate-type  battery. 
I'he  battery,  which  must  drive  this  torpedo  over 
the  6,000-yd  range  at  an  average  speed  of  40.6  knots, 
is  a 232-kw  one,  one  of  the  largest  capacity  batteries 
made.  I'he  data  for  Figure  18  were  obtained  from  a 
chromated  121-7-0  battery,  fired  in  a Mark  26  tor- 
pedo at  the  Newport,  R.  I.,  range.  In  this  case,  the 
battery  casket  was  filled,  until  firing,  with  nitrogen 
at  atmospheric  pressure  in  order  to  avoid  moisture 
contamination  of  the  battery  plates  and  to  aid  the 
battery  come-up;  both  to])  and  bottom  valves  were 
opened  simultaneously  at  the  instant  of  firing  the 
torpedo. 

d'he  voltage -current -power- time  relationshij)s 
shown  in  Figure  18  are  in  good  agreement  with  those 
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Figure  18.  Sea-water  battery  121-7-0;  Newport  range  test  Figure  19.  Sea-water  battery  121-7-0;  initial  portion  of 

in  Mark  26  torpedo.  Newport  range  test  in  Mark  26  torpedo. 


predicted  from  laboratory  control  tests  of  seven- 
cathode  cell  subassemblies.  It  will  be  noted  that, 
with  the  series  motors  used  in  the  Mark  26  torpedo, 
the  voltage  and  current  increase  more  nearly  at  the 
same  rate  than  is  the  case  with  the  compound  motor 
used  in  the  Mark  20  torpedo.  The  power  did  not 
drop  below  75  per  cent  of  the  peak  value  until  the 
battery  had  driven  the  torpedo  for  4.24  min,  over 
a 6,000-yd  range. 

Figure  19  shows  in  detail  the  data  for  the  first 
10  sec  of  the  run.  The  come-up  of  the  battery  is 
satisfactory  as  it  reached  75  per  cent  of  the  peak 
power  in  2.4  sec.  This  come-up  was  sufficient  to 
accelerate  the  torpedo  so  that  it  attained  an  average 
speed  of  38  knots  over  the  first  500  yd  of  the  run. 

Construction  and  Tests  of  Duplex-Type  Battery 

Each  duplex-type  electrode  consists  of  an  anode 
of  magnesium  (for  one  cell)  and  a cathode  of  silver 
chloride  (for  the  adjacent  cell)  connected  through  a 
thin  sheet  of  silver  foil.  The  electrodes  within  a cell 
are  insulated  from  one  another  by  glass  beads  which 
are  firmly  embedded  in  the  silver  chloride.  Figure  7 
shows  a dujDlex-type  battery  assembly.  The  duplex 
type  of  construction  has  the  advantage  that  it  weighs 
less  and  occupies  less  space  per  unit  of  power  output 
than  any  other  type  of  construction.  Figure  20  shows 
a comparison  of  weights  per  kilowatt  for  the  duplex 
type  and  the  multiplate  type  of  battery. 

Since  effort  was  concentrated  on  the  development 
and  production  of  satisfactory  multiplate-type  bat- 
teries, rapid  development  of  the  duplex  type  was 
hindered.  The  multiplate  type  was  started  first  and 
was  well  on  its  way  to  completion  when  the  first 
practical  duplex  type  was  evolved.  However,  suc- 
cessful methods  of  making  small-capacity  duplex 


batteries  such  as  the  8-kw  were  fully  developed,  and 
an  80-kw  battery  was  designed.  Its  components  were, 
to  a large  extent,  completed  at  the  time  when  the 
project  terminated. 

The  8-kw  duplex-type  battery,  which  may  be  re- 
garded as  the  forerunner  of  the  large-capacity  tor- 
pedo battery  of  the  future,  was  constructed  and 
bench-tested  in  the  laboratory.  Some  of  the  perti- 
nent data  are  as  follows: 


Average  current 

163  amp  (2  amp  per  square  inch) 

Average  voltage 

50.7  V (1.01  V per  cell) 

Average  power 

8.27  kw 

Peak  power  (12  sec) 
Power  at  cutoff 

9.08  kw 

(4  min,  8 sec) 
Efficiency  of  silver 

7.70  kw 

chloride  utilization 
Loss  of  efficiency  due 

81.5  % 

to  leakage  currents 

7 % 

oo 
' £ 
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Figure  20.  Comparison  of  “wet”  weights  of  duplex  and 
multiplate  batteries. 
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Fici  rf.  21.  XDCA  battery  showing  cell  pile-up. 

As  a result  of  the  tests  on  the  8-kw  duplex  type 
of  battery,  the  following  conclusions  are  drawn: 

1.  Duplex-type  batteries  that  have  been  con- 
structed and  tested  in  the  laboratory  are  suitable 
for  range  trials  for  torpedo  propulsion. 

2.  All  the  advantages  found  in  the  small-capacity 
duplex-type  battery  appear  capable  of  realization  in 
large-capacity  batteries  for  torpedo  propulsion. 

Many  of  the  manufacturing  methods  have  been 
developed  for  making  duplex-type  batteries  on  a 
production  basis. 

Conclusions  on  Sea-Water  Torpedo  Batteries 

1.  Sea-water  batteries  have  been  developed  that 
are  able  to  furnish  smooth  driving  power  for  tor- 
pedoes requiring  as  much  as  280  kw  (140  v and 
2,000  amp)  for  a period  of  3.4  min. 

2.  1 orpedoes  j^owered  by  sea-water  batteries  have 
attained  speeds  of  44  knots  and  have  been  driven 
over  useful  ranges  (speed  constant  to  within  ± 1 
knot)  in  excess  of  7,000  yd. 

3.  Batteries  have  performed  satisfactorily  in  sea 
water  under  temperature  conditions  varying  from 
30  to  72  F. 

4.  Batteries  have  been  constructed  in  which  the 
come-up  time,  (the  time  required  to  reach  75  per 
cent  of  peak  power)  has  been  as  small  as  1.1  sec. 
In  most  batteries  it  is  under  3 sec.  The  come-up  time 
depends  on  the  condition  of  the  surface  of  the  plates, 
on  the  removal  of  corrosion  products,  and  on  such 
variables  as  scoop  size,  impulse  pressure,  motor  char- 
acteristics, and  the  initial  pressure  existing  within 
the  housing. 

5.  Even  though  hydrogen  is  evolved  from  the  bat- 
teries, the  bubbles  of  this  gas  are  so  small  and  widely 
diffused  as  to  j^roduce  no  visible  wake.  Any  initial 
wake  which  occurs  is  caused  by  nitrogen  or  air  being 
expelled  from  nonevacuated  batteries;  however,  tor- 


pedoes running  as  shallow  as  5 ft  left  no  visible 
wake  after  the  first  50  yd  of  the  run. 

6.  An  essential  part  of  the  design  of  the  battery 
is  a suitable  irrigation  system.  This  is  necessary  not 
only  to  get  the  sea  water  in  contact  with  the  plates 
and  to  remove  the  heat  generated,  but  also  to  remove 
the  corrosion  products.  For  the  large-capacity  bat- 
teries it  was  considered  wise  to  design  the  irrigation 
system  so  that  at  least  50  complete  changes  of  the 
sea-water  electrolyte  occurred  per  minute. 

Detonator  Batteries 

Ge?ieral  Description.  Detonator  batteries  are  de- 
signed for  use  in  various  devices  such  as  the  XDCA 
depth-charge  pistol  and  are  characterized  by  small- 
size,  rapid-voltage  build-up  and  short  discharge  pe- 
riods. While  the  design  of  the  detonator  batteries 
follows  the  same  basic  electrochemical  principles  as 
other  types  of  sea-water  batteries,  their  constructional 
features  represent  a complete  departure  from  these 
types.  The  construction  and  test  results  of  the  XDCA 
battery,  which  is  now  in  manufacture,  is  described 
as  a typical  example. 

Construction  of  XDCA  Battery 

A photograph  of  the  XDCA  battery  is  shown  in 
Figure  21  and  an  assembly  drawing  of  it  in  Figure 
22.  It  is  designed  to  meet  the  following  requirements: 

1.  Power-time  performance:  2 amp,  1 v for  0.25 
sec;  followed  by  0.3  amp,  2.8  v for  1 min. 

2.  Size  and  shape:  to  fit  into  1.9-in.  diam  cylin- 
drical container  about  1.125  in.  deep. 

3.  Voltage  come-up  requirements:  1 v at  2 amp 
within  0.2  sec  at  0 C. 

4.  Valving  system:  inlet  and  outlet  ports  hermet- 
ically sealed  with  thin  lead  foil  designed  to  rupture 
at  a given  water  pressure. 

The  battery  consists  of  four  disk-shaped  cells,  cen- 
trally mounted  on  a common  screw,  connected  to 
provide  two  two-cell  batteries  in  parallel.  The  par- 
allel construction  provides  an  added  factor  of  relia- 
bility, for,  should  one  of  the  two  sections  be  ren- 
dered inoperative,  the  other  carries  the  load. 

No  attempt  is  made  to  control  intercell  leakage 
currents  in  this  type  of  battery,  although  it  is  pos- 
sible to  do  so  and  still ‘obtain  rapid  come-up  by  a 
special  design  of  the  container  and  the  water  ports. 
The  speed  of  the  voltage  build-up,  which  must  be 
very  rapid,  is  adversely  affected  by  exposure  of  the 
plates  to  high  humidity  or  contaminants  such  as  oil. 
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1.  Anode  plate 

2.  Cathode  plate 

3.  Desiccant  container 

4.  Brass  bushing 

5.  Terminal  lug 


6.  Wire 

7.  Ceramic  bushing 

8.  Guard 

9.  Mica  washer 
10.  Mounting  screw 

Figure  22.  Assembly  of  XDCA  battery. 


11.  Brass  nut 

12.  Desiccant 

13.  Cover 

14.  Casing 

15.  Metal-to-glass  bushing 


sulphur,  wax,  or  other  substances  which  prevent  the 
plates  from  being  wet  by  the  sea  water.  During 
manufacture  all  parts  of  the  battery  are  kept  in  a 
desiccator  except  when  being  worked  on  and  a desic- 
cant is  placed  within  the  assembled  cell  before  it 
is  sealed.  The  battery  come-up  would  be  aided  some- 
what by  forced  circulation,  but  it  was  found  that 
this  was  not  necessary.  Sufficient  circulation  is  at- 
tained by  the  bubbling  of  the  evolved  hydrogen  be- 
tween the  battery  plates. 

Test  Results 

A typical  discharge  curve  is  shown  in  Figure  23 
for  a load  resistance  of  9 ohms.  It  will  be  noticed 
on  the  expanded  time  scale  that  the  build-up  of 
the  battery  is  very  rapid.  Full  voltage  is  reached  in 
about  0.09  sec.  This  curve  shows  the  battery  per- 
formance for  a current  drajn  of  about  0.33  amp. 
If  larger  currents  are  drawn,  the  voltage  is  corre- 
spondingly smaller,  but  otherwise  the  performance 
is  approximately  the  same.  These  batteries  can  fur- 
nish currents  up  to  7 amp. 


12.5.3  Intermediate-Power  and  -Time 
Batteries 

General  Description 

Batteries  to  deliver  moderate  amounts  of  power, 
300  to  1,000  w,  for  periods  of  from  30  to  90  min, 
differ  from  torpedo  batteries  only  in  size  and  details 
of  construction.  The  lower  power  delivery  makes 
low  internal  resistance  less  important  and  the  longer 
time  of  discharge  requires  that  more  attention  be 
paid  to  leakage  currents  and  local  corrosion.  A num- 
ber of  batteries  of  this  general  type  have  been  de- 
signed, built,  and  tested.  A typical  example  of  this 
class  is  No.  17-3-E.  At  the  present  time  it  is  being 
manufactured  to  propel  underwater  mechanisms. 

Construction  of  17-3-E  Battery 

A photograph  of  the  17-3-E  battery  is  shown  in 
Figure  24.  It  is  designed  to  meet  the  following  re- 
quirements: 

1.  Power-time  performance:  15  amp,  24  v for  30 
min. 
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Fuil'RF  23.  Typical  discharge  curves  for  XDCA  l)atlerv 
consisting  of  two  2-SA  units  in  parallel,  illustrating  use  of 
fuse  to  j)roniote  very  rapid  come-np. 

2.  Size  and  shape:  to  be  fitted  into  5.75-in.  diame- 
ter cylinder. 

3.  Come-np  performance:  not  exceptionally  rapid. 

I'he  design  best  meeting  the  above  requirements 

was  one  using  multiplate  cells  made  with  nyloned 
anodes  and  anodized  screen  cathodes.  It  is  essen- 
tially like  that  of  a torpedo  propulsion  battery,  ex- 
cept that  it  is  in  miniature  and  is  mechanically  sim- 
plified. However,  the  following  changes  are  note- 
worthy: 

1.  Water  admission  and  venting  ports  are  merely 
holes  in  the  battery  case  aligned  with  holes  in  the 
shell  of  the  housing.  Sea  water  entering  and  dis- 
charging through  these  holes  circulates  through  the 
battery  and  enables  it  to  perform  satisfactorily  in 
regard  to  come-up,  and  also  affords  sufficient  flush- 
ing of  the  corrosion  products  from  the  battery.  I'he 
evolution  of  hydrogen  in  this  battery  is  at  a rate 
sufficient  to  cause  a complete  change  of  electrolyte 
every  20  sec. 


Fk.urf,  21.  17-3-K  batlcMy;  two  views  showing  compicle 
assemhiy  and  haltery  with  case  |)aitially  removed. 


2.  In  order  to  compensate  for  the  estimated  leak- 
age current  of  1.4  amp,  an  excess  capacity  of  ap- 
proximately 10  per  cent  has  been  provided.  Al- 
though this  adds  to  the  weight  and  volume  of  the 
battery,  any  other  method|  would  add  to  the  com- 
plexity of  the  design. 

3.  Since  this  battery  does  not  have  forced  irriga- 
tion, the  nylon  filament  spacers  used  were  of  larger 
diameter  (0.020  in.)  than  those  employed  in  torpedo 
batteries,  khe  extra  space  between  the  plates  per- 
mits corrosion  products  to  be  swept  away  rapidly 
and  jirevents  any  possible  clogging,  d he  increased 
internal  resistance  resulting  from  wider  spacing  has 
only  a slight  effect  on  the  battery  voltage  at  the  low 
current  density  employed. 

Test  Resulis 

A typical  discharge  curve  for  a type  17-3-E  battery 
is  shown  in  Figure  25.  d'he  gradual  rise  in  power 
during  the  first  several  minutes  is  typical  of  self- 
circulated  batteries  and  is  probably  due  to  the  grad- 
ual rise  in  temperature  and  salinity  which  occurs 
when  the  passage  of  the  electrolyte  over  the  plates 
takes  place  at  a slow  rate.  A cjuick  come-up  is  not 
essential  for  this  battery;  therefore,  this  effect  is  not 
an  imjKirtant  one.  In  fact,  these  batteries  have  oper- 
ated satisfactorily  in  fresh  water,  although  at  a some- 
what lower  voltage  than  normal.  Under  such  con- 
ditions the  come-uj)  is  very  slow,  since  the  electro- 
lyte must  be  made  from  the  magnesium  chloride 
which  is  a product  of  the  battery  discharge. 

12.5.4  Low-Power,  Long-Time  Batteries 

General  I)esc;rii’tion 

Many  recjuests  for  a long-time  battery  to  supjdy  A 
and  H power  for  vacuum-tube  operation  have  been 
satisfied  by  the  development  of  a low-voltage  sea- 
water battery  using  a vibrator  pack  to  give  the  nec- 
essary high  voltage.  14ie  retjuiremeiUs  called  for  a 
battery  without  lorced  circulation  to  operate  for 
periods  up  to  60  hr,  and  to  siq^ply  40-150  amp-hr  of 
discharge  capacity  at  6 to  24  v.  4 his  low-power, 
long-time  battery  demanded  a tyj^e  of  construction 
different  from  the  higher  jM)wered  batteries  used  for 
torpedo  ju'opulsion.  lliick  magnesium  anodes  and 
thick  cast  silver  chloride  cathodes  were  recpiired  for 
the  most  conq^act  design. 

batteries  of  this  general  type  have  been  called 
beacon  batteries.  Several,  of  different  sizes  and 
shapes,  have  been  developed  and  built  for  the 
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Figure  25.  Sca-water  battery  17-3-E;  bench  test. 


as  large  as  possible.  This  is  effected  by  building  each 
cell  as  an  almost  completely  enclosed  unit  and  by 
making  the  holes  in  each  individual  cell  box  as 
small  as  possible  consistent  with  adequate  irrigation. 

Test  Results 

Figure  27  shows  typical  discharge  curves,  one  at 
0 C and  the  other  at  20  G for  a Pentagon  5-3-BP 
battery.  The  voltage  drops  slightly  during  the  first 
12-hr  period  when  the  92.5-ohm  load  is  in  the  cir- 
cuit, especially  at  the  lower  temperature.  However, 
it  remains  fairly  constant  when  the  3.80-ohm  load 
and  the  1.55-ohm  load  are  inserted  in  the  circuit. 
The  voltage  drops  off  slightly  only  for  the  1.55-ohm 


Bureau  of  Ships,  and  one  was  designed  for  the  Army 
Air  Forces  and  Signal  Corps.  The  latter  battery, 
although  different  in  construction  from  those  de- 
signed for  the  Bureau  of  Ships,  is  the  same  in  prin- 
ciple and  is  described  here.  This  battery,  which  is 
shown  in  Figure  26,  is  called  the  Pentagon  (5-3-BP) 
battery  because  it  consists  of  an  arrangement  of  five 
cells  in  a regular  pentagonal  formation.  Normally, 
it  furnishes  7.5  v. 

Construction  of  Pentagon  (5-3-BP)  Battery 

The  five  cells  are  connected  in  series  and  placed 
in  pentagonal  formation  within  a phenol-fiber  case 
of  annular  cross  section.  Wood  filler  pieces  are  used 
in  the  spaces  not  occupied  by  cell  boxes.  The  whole 
assembly  is  encased  in  a cylindrical  container  which 
has  two  holes  in  it,  one  near  the  bottom  to  provide 
for  the  entrance  of  the  sea  water,  and  one  near  the 
top  to  provide  for  the  exit  of  the  sea  water  and  the 
corrosion  products.  Through  these  two  holes,  the 
electrolyte  is  supplied  to  each  individual  cell  by 
means  of  a top  and  bottom  manifold. 

Because  of  the  long  time  of  operation  and  slow 
self-circulation  of  this  type  of  battery,  a wide  elec- 
trode spacing  (0.064  in.  as  compared  with  0.015  in. 
for  the  high-power,  short-time  torpedo  battery)  is 
required.  This  wider  spacing  between  plates  insures 
that  no  clogging  takes  place,  and  that  corrosion 
products  may  be  promptly  removed.  Cathodes  hav- 
ing sufficient  silver  chloride  to  provide  high  capacity 
were  made  by  casting  silver  chloride  onto  a coarse 
silver  screen.  These  cast  cathodes  are  approximately 
0.150  in.  thick  and  have  about  1 amp-hr  of  capacity 
psi  of  cathode  surface. 

An  operating  life  of  24  hr  or  more  in  sea  water 
necessitates  severely  limiting  leakage  currents.  They 
are  minimized  by  making  the  electrolytic  resistance 


Figure  26.  5-3-BP  battery:  five  cells  in  series;  blocks  used 
to  position  cells  are  shown. 
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Ki(.rRF.  27.  Pentagon  batteries,  discharged  at  low  drain 
for  fn^t  12  hr,  ami  then  for  alternate  1-niin  j)eri(Hls  at  two 
higher  drains. 


load  at  ilie  0 C tcMiiperatiirc.  d his  is  (jiiitc  remark- 
able because  current  is  increased  alxtut  ^a-lold  in 
one  case  and  about  GO-fold  in  the  other  case. 


12.5.5  ^^1^  Type,  High-Voltage, 

Low-Current,  Intermediate-Time  Batteries 

A sea-water  battery  to  supply  bt)th  A and  h power 
for  a torpedo  exjdoder  was  recpiested  by  the  Naval 
Ordnance  Laboratory.  It  was  not  possible  to  use  a 
low-voltage  battery  with  a vibrator  pack  to  get  the 
high  B-battery  voltage  needed  in  this  case.  Hiere- 
fore  it  was  necessary  to  design  a sea-water  B battery 
with  a large  number  of  cells,  so  constructed  that 
leakage  currents  were  at  a ininiinum  and  yet  elec- 
trolyte circulation  was  adetjuate. 

After  a careful  survey  of  the  proposed  torpedo  ex- 
ploders, the  following  recpiirenients  were  set  up  for 
a sea-water  AB  battery  which  would  power  any  of 
them: 


1.  Power  time:  A section:  6 v,  2 amp  for  15  min; 
B section:  110  v,  2 amp  for  15  min. 

2.  Size:  as  small  as  possible.  Final  size  of  the 
battery  is  8.5x8.25x1.875  in. 

8.  Come-up  performance!  90  per  cent  of  full  ^'olt- 
age  in  8 sec. 

1.  Housing:  a specially  designed,  hermetically 
sealed  battery  housing  is  retpiired. 

5.  Irrigation:  a rate  of  How  of  from  2 to  4 liters  per 
minute  is  retpiired.  Phis  amounts  to  86  to  72  changes 
ol  electrolyte  per  minute. 

1 he  irrigation  is  j^rovided  by  a water-driven  im- 
peller in  the  side  of  the  torpedo  war  head  which 
starts  turning  as  soon  as  the  torpedo  is  launched. 
This  actuates  an  opening  mechanism  which  provides 
water  inlet  and  outlet  holes  either  by  pulling  sol- 
dered sealing  tabs  off  the  water  ports  or  by  piercing 
the  case.  I he  water  intake  and  discharge  holes  are 
located  on  the  side  of  the  torpedo  in  such  a fashion 
that  ample  hydraulic  pressure  is  developed  by  the 
forward  motion  of  the  torpedo,  and  thus  a high  rate 
of  circulation  is  provided. 

The  A and  B batteries,  both  of  which  are  of  the 
duplex  type  of  construction,  are  connected  in  series 
and  housed  in  a battery  case  made  from  sheet  pheno- 
lic stock.  The  case  members  are  all  rigidly  held  in 
place  with  screws,  and  four  setscrews  pass  through  the 
end  plates  and  bear  against  the  pressure  plates  of  the 
battery  inside  the  case,  ddiis  provides  means  of  com- 
pressing the  cell  pile-uj)  to  get  the  intimate  contact 
between  electrode  elements  necessary  for  the  proper 
operation  ol  this  tyj)e  of  battery.  The  setscrews  are 
tinned  up  to  a constant  torcjuc  and  thus  provide 
constant  and  reproducible  j)ressure  on  the  cell  pile- 
up.  The  AB  battery  assembly  in  a special  transparent 
case  (showing  the  setscrews)  is  shown  in  Figure  28. 

I he  sea-water  B battery  is  uni(|ue  among  all  sea- 
water batteries,  and  probably  among  all  batteries, 
in  that  the  nonuseful  leakage  current  is  from  8 to 
100  times  the  useful  current.  The  reason  for  this  is 
that  the  battery  is  essentially  a source  of  potential 
rather  than  of  power.  The  voltage  must  not  only 
remain  steady  and  constant,  but  for  certain  applica- 
tions must  not  show  more  than  a 1 per  cent  ripple 
for  the  frecjuency  range  from  0.5  to  50  c.  In  order 
to  hold  the  voltage  constant,  the  leakage  currents, 
which  may  be  as  much  as  99  per  cent  of  the  total 
current,  must  be  kept  very  steady.  In  the  final  de- 
sign, the  B battery  voltage  ripple  was  kept  below 
0.8  V at  a temperature  of  80  C and  below  0.05  v at  a 
temperature  of  2 C.  Figure  29  shows  typical  dis- 
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Figure  28.  AB  battery;  top  water  channel  and  terminal 
wires. 


charge  curves  for  the  torpedo  exploder  battery  at 
two  temperatures  and  for  both  the  A and  the  B 
units.  It  will  be  noted  that  all  voltages  remain  fairly 
constant  for  the  first  13  min  and  then  drop  off 
without  fluctuations. 
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Figure  29.  Sea-water  battery  75-dc;  bench  tests;  discharge 
curves  for  AB  batteries;  approximate  current  drain:  A 
load,  2 amperes;  B load,  6.7  milliamperes. 
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12.5.6  Battery  Designed  for  7-40-M 
Proximity  Fuze 

A retpiest  was  forwarded  by  the  National  Defense 
Research  Committee  in  September  of  1942  that  a 
sea-water  battery  be  developed  for  the  7-40-M  under- 
water proximity  fuze.  This  was  the  first  sea-water 
battery  undertaken  and  represents  the  starting  point 
of  the  entire  sea-water  battery  development  pro- 
gram. Many  of  the  features  incorporated  in  the 
design  of  this  early  type  of  battery  have  been  greatly 
improved  as  a more  comprehensive  knowledge  of 
the  art  of  sea-water  batter.y-making  has  been  gained. 

One  of  the  features  of  a battery  for  this  fuze  is 
that  it  must  remain  inactive  until  the  proper  time, 
and  then  must  go  into  action  with  its  full  power 
available.  The  sea-water  battery  lends  itself  to  these 
requirements  very  nicely,  since  the  electrolyte  does 
not  enter  the  battery  until  the  underwater  prox- 
imity fuze  is  in  its  operating  medium,  i.e.,  sea  water. 


12.6  CONCLUSIONS  AND 

RECOMMENDATIONS 

Conclusions 

1.  It  is  possible  to  produce  primary  batteries  of  the 
magnesium-silver  chloride  type  which  use  sea  water 
as  the  electrolyte  and  which  have  considerable 
weight  and  volume  advantages  over  the  conventional 
types  of  primary  and  secondary  batteries.  Sea-water 
batteries  have  been  produced  for  torpedo  propul- 
sion which  have  a weight  advantage  of  5 to  1 and  a 
volume  advantage  of  4 to  1 over  the  best  secondary 
batteries  used  for  this  purpose. 

2.  Three  successful  types  of  silver  chloride  cath- 
odes have  been  developed  for  sea-water  batteries. 
They  are  the  anodized,  the  rolled,  and  the  cast.  Two 
satisfactory  methods  of  finishing  the  magnesium 
anodes  have  been  developed,  namely  the  chromate 
finish,  and  the  scratch-brush  finish.  Two  types  of 
separators  have  been  devised  which  have  stood  up 
through  rigorous  bench  and  range  tests.  They  are 
known  as  the  nylon  filament  separator  and  the  glass 
bead  separator. 

3.  Sea-water  batteries  have  been  developed  which 
have  ranged  in  size  from  a small  detonator  battery 
weighing  about  1 oz  and  delivering  approximately 
1 w for  1 min,  to  the  large  capacity  torpedo  pro- 
pulsion battery  weighing  575  lb  and  delivering  ap- 
proximately 220  kw  for  about  5 min. 
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4.  vSca-watcr  batteries  have  been  developed  which 
supply  energy  sufficient  to  drive  large  torpedoes  like 
the  Mark  2()  at  speeds  up  to  44  knots  and  over  ranges 
in  excess  of  7.(H)()  yd. 

5.  Most  of  the  sea-water  batteries  built  have  a 
come-up  time  of  less  than  3 sec.  Batteries  for  tor- 
pedo propulsion  have  been  constructed  whose  come- 
up  time  has  been  as  short  as  1.1  sec. 

6.  Sea-water  batteries  have  been  developed  for  a 
wide  variety  of  apj^lications.  Among  them  may  be 
mentioned  batteries  for  detonator  actuators,  for  A 
and  B power  supplies  in  marine  signaling  devices, 
for  torpedo  exphxlers,  for  depth-charge  exploders 
and  mechanisms,  for  an  underwater  j)roximity  fuze, 
and  for  torpedo  propulsion. 

Recommendations 

1.  Since  the  duplex  type  of  construction  has 
proven  to  be  the  best  developed  so  far,  it  is  recom- 
mended that  further  experimental  and  develop- 
mental work  be  done  on  batteries  of  this  type  in  an 
effort  to  prcKluce  large  capacity  batteries  such  as 
those  needed  for  torpedo  propulsion.  So  far,  duplex- 
type  batteries  of  low  capacity,  such  as  the  8-kw  tor- 
pedo propulsion  battery,  have  been  constructed  and 
successfully  tested.  Also  an  80-kw  battery  of  this  type 
was  planned  and  the  component  parts  were  nearly 
completed  when  the  project  terminated.  Since  the 


fundamental  research  and  development  work  on 
component  parts  has  been  completed,  it  should  not 
take  much  additional  work  to  construct  and  test 
large-capacity  batteries  of  this  type. 

2.  It  is  recommended  theit  further  research  work 
be  done  in  an  effort  to  develop  better  methods  of 
setting  the  glass  bead  insulators  in  the  silver  chloride 
cathodes  of  duplex  batteries.  Two  machines  have 
been  used  for  experimentally  setting  these  beads, 
the  continuous  strip”  one  and  the  “corn  planter” 
one,  but  considerable  further  development  work 
needs  to  be  done  before  large  quantities  of  beaded 
cathodes  can  be  produced.  14ie  production  of  large 
(juantities  of  beaded  cathodes  on  a commercial  scale 
is  necessary  before  large-capacity  duplex-type  bat- 
teries can  be  made  in  quantity  lots. 

3.  Considerable  additional  developmental  work 
could  be  done  on  the  hydraulic  and  mechanical  de- 
signs for  particidar  applications.  Improvement  in 
battery  performance  may  be  expected  as  the  hy- 
draulic and  mechanical  designs  are  perfected. 

4.  So  far  most  of  the  emphasis  has  been  on  the 
development  of  batteries  for  torpedo  propulsion, 
although  a few  other  applications  have  been  found. 
An  investigation  shoidd  be  made  to  find  new  appli- 
cations for  sea-water  batteries  and  to  adapt  the  ex- 
isting developments  to  uses  other  than  their  present 
ones. 
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AC.  I 1\  A riON,  All  clcclrcKhcmical  process  in  the  preparation 
of  a sea-water  cell  eathotlc  in  which  some  of  its  silver  cliloritlc 
coatin'?  is  retlncetl  to  metallic  silver,  forming  hritlgcs  between 
the  uiulerlying  coiulnctor  aiul  the  cathode  surface. 

AI)  IN.  Attack  director  III. 

AI)  B.  Attack  director  B. 

AMPS.  .Acoustic  marine  pinging  speedometer. 

AMS.  .Acoustic  marine  speedometer. 

.ANODE,  SE.\-\V.A  I F.R  C'.EI.L.  I hc  uegut  'wc  electrode,  made 
of  a magnesium  alloy. 

.ANODI/.EID  C^A  I HODE.  I hc  metallic  silver  cathode,  in  a sea- 
water cell,  which  has  been  coated  clectrochcmically  with  sil- 
\er  choloride. 

.A/S.  .Antisubmarine. 

.AS.AP.  .Antisubmarine  attack  plotter. 

.A  SCX>PE.  .A  CRO  indicator  depicting  echo  intensities  by  verti- 
cal dellections,  and  ranges  by  the  positions  of  these  deflections 
on  the  horizontal  trace. 

.ASDE\  I..AX  r.  .Antisubmarine  Development,  .Atlantic. 

ASDIC.  British  echo-ranging  etpiipment;  letters  arc  derived 
from  “.Anti-Submarine  Development  Investigating  Com- 
mittee.” 

.\  I P.  .Automatic  target  |)ositioner. 

.A  i r.  .Automatic  target  training. 

.A  i r.ACK  l E.ACHER.  .A  training  device  which  jirovides  sim- 
ulation of  an  antisubmarine  attack. 

B.AI..ANCED  .M()DL’I..A'I  ION,  SER\  ().  .\  modulation  proce.ss 
in  which  the  carrier  frccpiency  outjnit  drops  to  zero  in  the 
absence  of  any  error  signal. 

B. AI.I.O  I kNI.  Small  glass  heads  used  in  certain  .sea-water  bat- 
teries as  separators  between  electrodes. 

BDI.  Bearing  tlcviation  indicator. 

BEARI.N'G  ri.ME.  Bearing  rate,  the  change  in  bearing  per  unit 
of  time. 

BLIND  LIME.  In  an  antisubmarine  attack,  the  elapsed  time 
between  the  last  echo-ranging  contact  with  the  submarine 
and  the  explosion  of  the  charges. 

C. A  I HODP'.,  SE.A -W'.A 'PER  CELL.  Lhe  fuKsilii'e  electrode, 
made  of  silver  and  silver  chloride. 

C.A\  rr.A  LION.  I he  formation  of  gas  or  vapor  cavities  in 
water,  caused  by  shai  j)  reduction  in  local  jiressurc. 

CHE.MIC.AL  RECORDER.  .An  indicator  which  records  range 
on  chemically  treated  pajier. 

CHLORINLIA'.  Lhe  number  of  grams  of  chlorine  |>er  kilo- 
gram of  sea  water,  assuming  all  bromine  and  iodine  are  re- 
placed with  chlorine.  Expressed  in  jiarts  jier  thousand. 


CIIROM.A'l  E EINl.SIl.  .A  protective  surface  for  the  magnesium 
anodes  in  .sea-water  cells,  obtained  through  immersion  in  an 
acid  chromate  bath. 

I 

COME-l’P  I I.ME.  Lhe  time  nec‘es.sary  for  a .sea-water  battery 
to  reach  7.5  per  cent  of  peak  power  output. 

Cl'DW’R.  Columbia  University  Division  of  W ar  Research. 

CU  1 -ON.S.  Method  ol  bearing  detemiination  from  initial  and 
final  echoes  obtained  as  the  echo-ranging  beam  is  swept  across 
the  target. 

DCDI.  Depth  charge  direction  indicator. 

DCRE.  Depth  charge  range  estimator. 

DE.AD  LIME.  Lhe  elap.sed  time  between  the  will  to  fire  and 
the  instant  the  charges  strike  the  water. 

DL\  KLOP.MLN  I . .A  chemical  jnocess  in  the  prejiaration  of  a 
sea-water  cell  cathode,  in  which  the  surface  of  the  silver 
chloride  is  reduced  to  metallic  silver. 

DII  F'EREN'LI.AL  .SYNCHRO.  A synchro  unit  which  responds 
to  the  sum  or  difference  of  two  rotation  orders. 

DIRLCIIX’IIV  INDE’X.  .A  measure  of  the  directional  prop- 
erties of  a transducer.  It  is  the  ratio,  in  decibels,  of  the  in- 
tensity, or  response,  on  the  acoustic  axis  to  the  average  intens- 
ity, or  response,  over  the  whole  sphere  surrounding  the 
projector  or  hytlrophonc. 

DO.ME.  .A  tran.sduccr  enclosure,  usually  streamlined,  n.sed  with 
echo-ranging  or  listening  devices  to  minimize  turbidctice  and 
cavitation  noises  arising  from  the  transducer’s  passage  through 
the  water. 

DOW'  NO.  11  FI.NISH.  .A  commercial  protective  surface  for 
magnesium,  similar  to  the  chromate  finish. 

DRA.  Dead  reckoning  analyzer. 

DR  I . Dead  reckoning  tracer. 

ER.  Echo  repeater. 

ERC.  Echo  repeater  calibrator. 

ER.SB.  Exj)cndablc  radio  sono  buoy. 

EXPENDABLE  RADIO  SONO  BlIOV.  A buoy  listening  de- 
vice that  contains  a hydrophotie  for  receiving  target  signals, 
and  a radio  transmitter  for  relaying  the  signals  to  patrolling 
air  or  surface  craft. 

FOLLOW  ER.  A device  used  with  attack  directors  to  supply 
range  and  bearing  information  corre.sponding  to  the  position 
of  a virtual  target. 

HDE.  Hydrostatically  detonated  exploder. 

HED(;F.H0G.  A forward-throwing  projector  used  by  antisub- 
marine ve.ssels. 

HUSL.  Harvard  Underwater  .Sound  Laboratory. 

I n'DROPHONE,  An  underwater  microphone. 
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IRON  HORSE,  IRON  PONY.  Housings  used  for  bench-testing 
torpedo  sea-water  batteries. 

ISGM.  Installed  sound  gear  monitor. 

R GUN.  A device  which  throws  antisubmarine  charges  by  pro- 
jecting the  charge-holding  arbor. 

LAC.  Lead  angle  computer. 

MAD.  Magnetic  airborne  detector. 

MGAP.  Mechanical  geographic  attack  plotter. 

MUNROE  EFFECT.  Concentration  of  an  explosive  force, 
achieved  by  special  shaping  of  the  charge. 

MOUSETRAP.  An  antisubmarine  weapon  which  projects 
rocket-type  depth  charges. 

MTIL  Maintenance  of  true  bearing. 

NLM.  Noise  level  monitor. 

NMB.  Navigational  marker  buoy. 

NRL.  Naval  Research  Laboratory. 

PAMS.  Phase  acoustic  marine  speedometer. 

PING.  Acoustic  pulse  signal  projected  by  an  echo-ranging 
transducer. 

PPCR.  Portable  polar  chart  recorder. 

PPL  Plan  position  indicator. 

PROJECTOR.  An  underwater  acoustic  transmitter. 

QBE.  Small  echo-ranging  equipment,  made  by  the  Submarine 
Signal  Company,  using  a JK  crystal  hydrophone  for  listening. 

QC.  Standard  Navy  echo-ranging  equipment  using  magneto- 
striction transducers. 

QCS.  24-kc  echo-ranging  and  listening  equipment. 

QFA.  A standard  model  of  attack  teacher  which  provides  visual 
presentation  of  attack  problems. 

QH.  Navy  designation  for  CR  scanning  sonar,  originally  ap- 
plied to  Harvard  designs. 

R.ANGE  RATE.  Rate  of  change  of  range  between  own  ship 
and  target. 

RELATIVE  BEARING.  Target  bearing  relative  to  own-ship’s 
heading. 


RELATIVE  CENTER  BEARING.  Average  of  initial  and  final 
relative  bearings  obtained  as  the  echo-ranging  beam  is  swept 
across  the  target. 

REVERBERATION.  Sound  scattered  diffusely  back  toward 
the  source,  principallv  from  the  surface  or  bottom  and  from 
scattering  sources  in  the  medium  such  as  bubbles  of  air  and 
suspended  solid  matter. 

pC  RUBBER.  A rubber  compound  with  the  same  pC  (density 
times  velocity  of  sound)  product  as  water. 

RLBI.  Right-left  bearing  indicator. 

SALINITY.  The  number  of  grams  of  solid  material  per  kilo- 
gram of  sea  water  when  all  carbonates  are  converted  to  oxides, 
the  bromine  and  iodine  are  replaced  by  chlorine,  and  all 
organic  matter  is  completely  oxidized.  Expressed  in  parts  per 
thousand. 

SAMS.  Steady-state  acoustic  marine  speedometer. 

SCRATCH-BRUSH  FINISH.  A surface  for  the  magnesium 
anodes  in  a sea-water  cell,  obtained  by  burnishing  with  a 
clean,  dry,  steel  wire  brush. 

SEA-WATER  CELL.  As  discussed  in  this  volume,  a primary 
cell  using  sea  water  as  its  electrolyte,  and  having  a magnesium 
allov  anode  and  a silver  and  silver  chloride  cathode. 

SCM.  Sound  gear  monitor. 

SONAR.  Generic  term  applied  to  methods  or  apparatus  that 
use  sound  for  NAvigation  and  Ranging. 

SPTIL  Split  projector  test  unit. 

SSTU.  Synchro  system  test  unit. 

STACK,  TRANSDUCER.  Pile  of  consolidated  laminations. 

TARGET  ASPECT.  Orientation  of  the  target  as  seen  from  own 
ship. 

1 RANSDUCER.  Any  device  for  converting  energy  from  one 
form  to  another  (electrical,  mechanical,  or  acoustic).  In  sonar, 
usually  combines  the  functions  of  a hydrophone  and  a 
projector. 

I RANSFER  FUNCTION.  In  a servomechanism,  the  ratio  of 
output  to  input. 

UCD4VR.  University  of  California  Division  of  War  Research. 
USRL.  Underwater  Sound  Reference  Laboratories. 
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48.  Development  of  Recoverable  Bomb,  NDRC  6.1-sr20-1587, 
Lab.  Report  D27/R1098,  CUDWR-NLL,  Oct.  25,  1944. 

Div.  6-646.4-M3 


31.  A.  S.  Scatter  Bomb  Horn  Tests,  Irwin  Fieldhouse,  H.  A. 
Leedy,  and  T.  C.  Poulter,  ARE,  July  29,  1943. 

Div.  6-646.12-M3 

32.  Submersion  Tests  for  Watertightness  of  A.  S.  Scatter 

Bombs,  R.  H.  Esling,  H.  A.  Leedy,  and  T.  C.  Poulter,  ARE, 
July  30,  1943.  Div.  6-646.12-M4 

33.  Gun  Train  Indicator,  Mark  53,  [For  Temporary  Installa- 

tion on  Projector,  Mark  10  (Hedgehog)],  Clidord  P. 
Kittredge,  NDRC  6.1-sr20-799,  Lab.  Report  D42/R200, 
CUDWR-NLL,  Sept.  10,  1943.  Div.  646.26-Ml 


49.  Subcaliber  Practice  Projectile  and  Subcaliber  Spigot  Unit 

for  the  Mark  X Projector,  Gaynor  O.  Rockwell,  NDRC 
6. 1-srl  128-1923,  Lab.  Report  D25/R1250,  CUDWR-NLL, 
Dec.  11,  1944.  Div.  6-646-M3 

50.  Hydrostatically  Detonated  Exploder,  Gaynor  O.  Rockwell, 
NDRC  6.1-srl  128-1937,  CUDWR-NLL,  Mar.  6,  1945. 

Div.  6-646. 24-M5 

51.  Anti-Submarine  Scatter  Bomb  Hydrostatic  Arming  Fuze, 

ARE,  Mar.  14,  1945.  Div.  6-646.12-MlO 
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52.  Surface  Craft  Dispensers  for  Fast-Sinking  Depth  Charges, 
Clilford  P.  Rittredge,  NDRC  6.1-sil  128-1938,  Lab  Report 
1)28/R1363.  C.UD\VR-XLL.  Apr.  30,  1945. 

Div.  6-646.23-M8 

53.  Fuzes  for  Fast-Sinking  Depth  Charges,  Clifford  P.  Kiit- 

redge,  George  M.  (iourley,  and  (ieorge  E.  Breeze,  NDRC 
G.l-srl  128-1940,  Lab.  Report  P17/R1328,  CCDWR-NLL, 
.May  24,  1945.  Div,  6-646.21 -M 12 

54.  Tests  of  the  AX-Mark  53  Aircraft  Depth  Bomb,  Robert 
T.  Knapp,  Harold  L.  Doolittle,  OSRD  6091,  NDRC  6.1- 
.sr207-2350.  Lab.  Report  ND-44,  CI  E,  .Aug.  31,  1945. 

Div.  6-723-.M6 

Chapter  11 

1.  Electric  Ignition  Applied  to  Mark  V Aircraft  Float  Light, 

Joseph  A.  Cerny,  NDRC  C4-sr20-14r),  Lab.  Report  D21/ 
3364,  CUDWR,  July  6,  1942.  Div.  6-646.31-Ml 

2.  Pull-Match  Ignition  for  Mark  VI  Float  Light,  David  O. 

Rhea,  NDRC  6. 1-srl  128-1585,  CUDWR-NLL,  Nov.  20, 
^944.  Div.  6-646.31 -.M 10 

3.  Modified  Mark  VI  Aircraft  Float  Light,  NDRC  6.1-srll28- 

1586,  CUDWR-NLL,  Sept.  1,  1944.  Div.  6-646.31-M9 

4.  Pneumatic  Projector  for  the  Mark  V Float  Light  (For  Use 
by  Lighter-than-Air  Craft),  Joseph  A.  Cerny,  NDRC  6.1- 
sr20-641,  CUDWR-NLL,  May  10,  1943.  Div.  6-646.31 -M4 

5.  Completion  Report  — Pneumatic  Projector  for  the  Mark 

V Float  Light  (For  Use  by  Heavier-than-Air  Craft),  Joseph 
A.  Cerny,  NDRC  6.1-sr20-796,  CUDWR-NLL  Sept.  3, 
1943.  Div.  6-646.31 -M7 

6.  Use  of  Commercial  Flares  Under  Water,  F.  A.  Jenkins, 

UCDWR,  Dec.  9,  1941.  Div.  6-646.32-Ml 

7.  Underwater  Flares  for  Anti-Submarine  Operations,  Re- 

port On  Tests  of  July  7,  1912,  F.  M.  Varney,  NDRC  C4- 
sr20-162,  UCDWR,  July  20,  1942.  Div.  6-646.32-M3 

8.  Capacity  Type  Ignitors  for  Underwater  Flares,  Wayne  G. 

Shaffer,  Lab.  Report  1)31.2/3998,  CUDWR-NLL,  Sept. 
17,  1942.  Div.  6-646.32-M5 

9.  Underwater  Flares,  G.  Albert  Hill  and  R.  G.  Clarke,  OSRD 
1522,  Wesleyan  University,  June  17,  1943. 

Div.  11-202.11 -M2 

10.  Underwater  Flares,  G.  Albert  Hill  and  R.  G.  Clarke,  OSRD 
4030,  Wesleyan  University,  Aug.  15,  1944. 

Div.  11-202.11 -M3 

11.  Test  of  Underwater  Flares,  Lakehurst,  New  Jersey,  July 
7,  1912.  Report  on  Electric  Ignition.  G.  R.  F.  Gay,  Lab. 
Report  D21/R3423,  CUDWR-NLL,  July  9,  1942. 

Div.  6-646.32-M2 


12.  Aircraft  Marker  Flares.  Test  at  Lakehurst,  New  Jersey, 

August  18,  1912,  Joseph  A.  Cerny,  Lab.  Report  ’ 1)21.2/ 
3802,  CUDWR-NLL,  Aug.  22,  1942.  Div.  6-646.32-M4 

13.  Underwater  Flare  Test,  September  30,  1912,  Wayne  G. 

Shaffer,  Lab.  Report  D3I.2/4153,  CUDWR-NLL,  Oct.  6, 
*9*^2.  Div.  6-646.32-M6 

14.  The  Mark  V Float  Light,  Joseph  A.  Cerny  and  Dick  P. 

Fullerton,  Jr.,  NDRC  C-4-sr20-542,  CUDWR-NLL,  Nov. 

9.  1942.  Div.  6-646.31 -M2 

15.  Trials  of  Pneumatic  Flare  Gun  for  Blimps  at  Lakehurst, 
New  Jersey,  December  22  and  23,  1912,  Edward  E.  Noyes 
and  Vernon  M.  Setterholm,  NDRC  6.1-sr20-567,  Lab.  Re- 
port D36/R146,  CUDWR-NLL,  Jan.  11,  1943. 

Div.  6-646.32-M7 

16.  Velocity  Traverses  and  Stability  Test  of  Mark  V Flare, 

Aeronautic  Laboratory,  Worcester  Polytechnic  Institute, 
March,  1943,  Lab.  Report  D21/R285,  CUD\VR-NLL, 
Apr.  22,  1943.  Div.  6-646.31 -M3 

17.  Noise  Produced  by  Burning  Aircraft  Flares,  Edward  Ger- 

juoy.  Lab.  Report  1)21 /R463,  CUDWR-NLL,  July  31, 
19-13.  Div.  6-646.31 -M5 

18.  The  Smoke-Light  Marker,  Joseph  A.  Cerny,  NDRC  6.1- 
sr20-797,  CUDWR-NLL,  Aug.  26,  1943.  Div.  6-646.31 -M6 

19.  Drop  Tests  of  Mark  VI  Aircraft  Float  Lights,  December 

7,  1943,  David  O.  Rhea,  Lab.  Report  D21/R649,  CUDWR- 
NLL,  Dec.  15,  1943.  Div.  6-646.31-M8 

20.  Test  of  British  Markers,  Marine  Aircraft,  David  O.  Rhea, 
Lab.  Report  D21/R951,  CUDWR-NLL,  June  5,  1944. 

Div.  6-646.33-M2 

21.  Submarine  Marker  Buoy,  Lab.  Report  D19/R1205,  NDRC 
6. 1-srl  128- 1599,  CUDWk-NLL,  Nov.  30,  1944. 

Div.  6.646.33-M3 

22.  Smoke  Signal  for  Practice  Submarine  Marker  Buoy,  David 

O.  Rhea  and  Vernon  M.  Setterholm,  Lab.  Report  D21/ 
R719,  NDRC  6. 1-srl  128-1039,  CUDWR-NLL,  Mar.  24, 
1944.  Div.  6-646.33-Ml 

23.  The  Development  of  a Navigational  Marker  Buoy,  OSRD 
5658,  NDRC  6. 1-srl 224-2347,  ARF,  June  1945. 

Div.  6-646.33-M4 


Chapter  12 

1.  Sea-Water  Batteries,  W.  H.  Martin,  OSRD  6420,  NDRC 
6.1-srl069-2128,  B 1 L,  Nov.  30,  1945.  Div.  6-647-Ml 
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rhe  following  list  includes  (1)  reports  on  certain  projects 
general  interest  to  the  designer. 

1 Hectrouic  Design  and  Mcasurrninils  at  the  Neia  London 
lMhoraU,n\  I'llu.k  1(.  HcnnfeUl  ;in<l  ' 

NDRC  6 l-srH28-22l7.  Lah.  Report  P3r)/R1428,  (dIl)^VR- 

M.l„  May  28,  1945. 

2.  Sound  Hecordini’  at  the  Neie  l.ondon  l.aboratory.  Russell 
O Hanson,  O.SRl)  5248,  NDRC:  (>.l  si  1 128  1945,  Lai).  Re- 

1, oK  1>S7/RI3G5.  C'.n)\VR-NLL,  May  23,  >9«- 
* Div.  b-()45.2-M3 

3.  Late, at  Disc  Itecoiding  „l  the  New  l.ondon  Lahomtory. 
Rnsscll  ().  Hanson,  I.al).  Report  I>37/R13I2, 

M.L,  Jan.  24,  1945.  '»'•  6-M5.2-M2 

4.  Enmdizer  Design,  Rnssell  O.  Hanson  ami  William  B. 
Watkins,  Lal).  Report  l•37/RI278.  CUDWR-NLL  Jan  8 

Iliv.  6-(>45.2-Ml 

Miscellaneous  Studies  in  Electrical  Transmission  Net- 
worKs,  NDRC  G.,.st287.2088,  HL.SL,  N- 

An  R-C  Hand  Pass  Filter,  Report  Series  A 4,  No.  9.  Lab 
Report  Die  5985,  MU',  June  10,  1943.  Div.  ()-645.13-Ml 

CAmrt  Computation  Methods  for  Filters,  BTL,  Sept.  10 
1043  6 . 1 3“ ^ 


not  covered  in  the  preceding  chapters  and  (2)  reports  ol 


5. 


6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 


Filter  Design  Formulas  and  Charts  — Part  I,  Sylvestei  J. 
Haelner,  Lab.  Report  P35/R984,  CUDWR-NLL,  July  11. 

Div.  6-645.1 3-M3 

A Graphical  Chart  for  Combining  Single-Frequency  Sig- 
nals ivith  Continuous  Spectra,  Henry  B.  Holt,  Lab.  Report 
P34/R860,  Cl’DWR-NLL,  .Apr.  7,  1944.  Div.  6-645-Ml 

An  Introduction  to  Amplitude  Modulation,  Paid  K.  Hud- 
son, CUDWR-NLL.  6-645-M3 

Test  Procedure  for  Audio  Transformers  (35-16000  cps), 
Frank  P.  Herrnfeld,  Lab.  Report  P34/R1020,  CUDWR- 
NLL.  July  13.  1944.  Div.  6-645.15-M7 

Gain  Measurements,  Frank  P.  Herrnfeld.  Lab.  Report 
P35/R669,  CUDWR-NLL,  Dec.  30,  1943.  Div.  6-645.15-M3 


Distortion  Tests  by  Intermodulation  Method,  Frank  P. 
Herrnfeld.  Lab.  Report  P35/R712,  CUDWR-NLL.  Mar. 
‘^8  1944  ' 6-645. 15-M5 

Cathode  Coupled  Amplifiers,  Lab.  Report  218,  CUDWR- 
NLL,  June  9,  1942.  6-b45.12-Ml 

High  Impedance  Preampliper,  David  C.  Ralbtell,  Lab. 
Report  M-55,  UCDWR,  .Apr.  29,  1943.  Div.  6-645. 12-M2 

i Poxeer  Amplifier  and  Bridge  for  the  Measurement  of 
Impedance  at  High  Poicer  Level,  Sylvester  J.  Haefner, 
lab  Report  P35/R653,  CUDWR-NLL,  Feb.  15,  1944. 

^ Div.  16-612.53-Mll 

Amplifier  and  Bridge  Measurements,  Sylvester  J.  Haefner, 
Lab.  Report  P35/R870,  CUDWR-NLL.  .Apr.  28,  1944. 

Div.  6-645. 15-M6 

An  Impedance  Bridge  for  the  Measurement  of  Balanced 
and  Unbalanced  to  Ground  Circuits,  Sylvester  J.  Haefner, 
Lab  Report  G30/535,  CUDWR-NLL,  Sept.  30,  1943. 

* Div.  6-645.15-M2 


19  The  Direct  Measurement  of  Impedance,  O.  Hugo  Schiick 
-nul  W.  A.  Felsing,  NDRC  6.1-sr287-891,  HUSL.  June  4, 

Div.  6-645.15  Ml 

20.  Data  for  the  Design  of  Inductances  Wound  on  Molybde^- 

num  Permalloy  Cores,  R.  S.  Gales,  Lab.  Report  M-37, 
UCDWR,  Feb.  25,  1943.  Liv.  6-645.14-Ml 

21.  Hipersil  Cores,  .Arthur  S.  Westneat,  Lab.  Report  P35/ 
R871.  CUDWR-NLL,  Apr.  12,  1944.  Div.  6-645.14-M2 

22.  Hipersil  Core  Characteristics,  Sylvester  J.  Haefner  and 

.Arthur  S.  Westneat,  Lab.  Report  P35/R1012,  CUDWR- 
NLL,  July  11,  1944.  14iv.  6-645.14-M3 

23.  Motional  Impedance  Analysis  of  Underwater  Sound  De- 

vices, Frank  H.  Graham  and  Eginhard  Dietze,  NDRC  C4- 
sr20-591,  USRL,  Dec.  5,  1942.  Div-  6-551-M7 

24.  Vector  Impedance  Locus  Plotter,  NDRC  6.1-sr287-2175, 

HUSL,  Mar.  15,  1945.  L)iv.  6-612.53-M22 

25.  Receiving  Tube  Characteristics,  Frank  P.  Herrnfeld,  Lab. 
Report  G21/R371,  CUDWR-NLL,  May  31,  1943. 

Div.  6-645.1 1-Ml 

26.  Dynamic  Characteristics  of  Pentodes  and  Grid  Current 

Effects  in  Triodes  and  Pentodes,  Sylvester  J.  Haefner  and 
L.  Eugene  Chipman,  Lab.  Report  P35/R1179,  CUDWR- 
NLL,  Oct.  23,  1944.  t)iv.  6-645.1 1-M4 

27.  Conversion  Gain  of  Various  Tubes  Operating  as  Mixers, 

L.  Eugene  Chipman,  Lab.  Report  P35/R980,  CUDWR- 
NLL,  June  22,  1944.  I^iv.  6-645.1 1-M3 

28.  Triode  Phase  Detectors,  Douglas  E.  .Mode,  Lab.  Report 
P35/R1255,  CUDWR-NLL,  Nov.  14,  1944. 

Div.  6-645. 12-M4 

29  Reactance  Tube  Frequency  Control,  NDRC  6.1-sr287- 
1344,  HUSL,  Jan.  5,  1944.  Div.  6-631.31-M7 

30.  The  Magnitude  of  Tube  Noise  in  the  Sonic  and  Super 

Sonic  Range,  Roland  C.  Quest,  Lab.  Report  G30/R454, 
CUDW^R-NLL,  July  27,  1943.  Div.  6-645.1 1-M2 

31.  Elimination  of  Electrical  Noise  in  Sonic  Listening  Equip- 

ment, Edwin  E.  leal.  Lab.  Report  D24/D38/R726, 
CIU)W'R-NLL,  Jan.  31,  1944.  Div.  6-645. 12-M3 

32.  Peak  Reading  Vacuum  Tube  Voltmeter,  .Albert  1.  Rey- 
nolds, Lab.  Report  D50/R721,  CUDW'R-NLL,  Feb.  1,  1944. 

Div.  6-645.15-M4 


33.  The  MIT  Oscillograph  Recorder,  NDRC  6.1-srl046-1671 

MIT,  .Ang.  17,  1944.  Div.  6-651. 2-M3 

34.  Description  of  the  Fluid  Gyroscope,  Calvin  .A.  Gongwer, 
Lab.  Report  D42/R651,  CUDWR-NLL,  Dec.  22,  1943. 

Div.  6-646.25-Ml 

35  Analysis  of  the  Fluid  Gyro,  Ralph  E.  Byrne,  Jr.,  May  11, 
■ J944'  Div.  6-646.25-M2 

36.  Range  Keeper,  J.  Warren  Horton,  NDRC  6.1-sr3279-1025, 
Lab.  Report  D49/R505,  CUDW  R-NLL,  Sept.  14,  1943. 

‘ Div.  6-646.26-M2 
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Contract 

Xu  tuber 

Xante  and  dddress  of  Contractor 

Subject 

OKMsr-20 

The  I'nistecs  of  Colimihia  I'nivcrsiiy  in  ihc 
City  of  New  ^oik 

New  York,  New  York 

Studies  and  experimental  ipvestigations  in  connection  with 
and  for  the  develo|)ment  of  e(jni|)ment  and  methods 
pertaining  to  snbmarine  warfare. 

OEMsr-ll2H 

The  ’1  rustees  of  Columbia  rniveisily  in  the 
City  of  New  ^oIk 

New  York,  New  ^oik 

Conduct  studies  aiul  experimental  investigations  in  con- 
nection with  and  for  the  development  of  equipment  and 
methods  involved  in  snbmarine  and  snbsnrface  warfare. 

OEMsr-30 

I he  Regents  of  the  I'niveisit)  of  California 
Berkeley,  California 

Maintain  and  operate  certain  laboratories  anti  conduct 
studies  and  ex|)erimental  investigations  in  connection 
with  snbmarine  and  sid)snrface  warfare. 

OEMsi-287 

I'resideni  and  Fellows  of  Harvard  College 
Cambridge,  Massachusetts 

Studies  and  experimetital  investigations  in  connection  with 
(i)  the  development  of  etpiipment  and  devices  relating 
to  subsurface  warfare. 

OEMsr-323 

(ieneral  Fdectric  Company 

Schenectady,  New  York 

Studic*s,  experimental  investigations,  and  development 
work  in  connection  with  submarine  and  subsurface 
warfare. 

OEMsi-346 

\Vc*stcrn  Electric  Com|)any,  Inc. 

.New  ^’ork.  New  York 

Studies  and  experimental  investigations  in  connection  with 
submarine  and  sid)surface  warfare. 

OEMsr  673 

.\rmoiir  Research  Foundation 

Chicago,  Illinois 

Conduct  studies  and  experimental  investigations  in  con- 
nection with  (i)  the  development  and  design  of  a satis- 
factory fuse  for  an  armor-piercing  “Scatter  Bomb”  and  the 
development  of  one  or  more  operating  models  as  directed 
....  (ii)  such  development  work  on  the  application  of 
this  fuse  for  use  with  the  vertical  bomb  as  appears  to  be 
necessary,  aiul  (iii)  the  design,  development,  and  testing 
of  special  types  of  antisubmarine  bombs  and  of  their 
components  and  accessories. 

OEMsr-1224 

Armour  Research  Foundation' 

Chicago,  Illinois 

Conduct  studies  anti  experimental  investigations  in  con- 
nection with  the  development  of  navigational  marker 
buo\. 

OEMsr-1069 

NVestern  Electric  Company,  Inc. 

New  ^ork.  New  ^’ork 

Coiuluct  studies  and  experimental  investigations  in  con- 
nection with  the  development  of  |)rimary  batteries  having 
high  power  ontjjut  per  unit  of  weight  and  volume;  such 
mechanical  design  as  to  permit,  in  addition  to  other  inci- 
dental uses,  their  use  in  bombs  or  torpedoes  launched 
from  an  airplane  from  a ship’s  deck,  or  from  a submarine, 
etc. 

OEMsr-1131 

I he  rnistees  of  Columbia  I'niversity  in  the 
City  of  .New  ^■ork 

New  ^'ork.  New  ^’ork 

Conduct  studies  and  investigations  in  connection  with  the 
evaluation  of  the  applicability  of  data,  methods,  devices, 
and  systems  pertaining  to  submarine  and  snbsnrface 
warfare. 

comiden'hal 
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SERVICE  PROJECT  NUMBERS 

The  projects  listed  below  were  transmitted  to  the  Executive  Secretary, 
NDRC  from  the  War  or  Navy  Department  through  either  the  War 
Department  Liaison  Officer  for  NDRC  or  the  Office  of  Research  and 
fnventions  (formerly  the  Coordinator  of  Research  and  Development), 
Navy  Department. 


Service 

Project 

Number 

NO-116 

NO-125 

NO-141 

NO-142 

NO-147 

NO-175 

NO-195 

NO-200 

NO-209 

NS  -142 
(Ext.) 

NS-143 

NS-212 

NS-231 

NS-238 

NS-301 

NS-321 

NS-326 

NS-329 

NS-355 


Subject 

Scatter  bomb  for  submarine  attack  by  heavier-than-air  craft. 

Oscilloscope  course  plotter  — ASAP. 

Hydrodynamic  characteristics  of  projectile  forms. 

Attack  predictors. 

A/S  projector  Mark  10-  fire  control  equipment  temporary  installation. 

Projected  scatter  charges  for  surface  vessels. 

Depth-charge  pattern  recorder. 

Development  of  a sea-water  primary  battery. 

Stabilized  roll  indicator. 

Development  of’  a sturdy  design  of  shipboard  hoist  equipment  tor  model  OAX  (modified)  portable  testing  equipment. 

Acoustic  marine  speedometer. 

Noise  reduction  of  submarines. 

Development  of  navigational  marker  buoy. 

Depth-charge  direction  indicator. 

Consulting  services  on  underwater  sound  portable  testing  equipment. 

Twenty-five  models  of  the  extended-range  underwater  sound  portable  testing  equipment  (7-  to  70-kc  monitor). 
Artificial  projector  for  operator  training  on  shipboard  monitor  equipment  model  OAX,  10  units  of. 

Development  of  a device  which  provides  automatic  target  positioning  on  dead  reckoning  tracers  from  an  input  of 
target  range  and  bearing. 

Consulting  service  on  production  of  24-volt  sea-water  batteiy. 
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INDEX 


The  subject  indexes  of  all  S I R volumes 
I'or  access  to  the  index  volume  consult  the 


:.ie  coml)in«l  in  i.nisici  index  printed  in  .scptntiie  voltnne. 
Army  or  Ntivy  Asency  listed  on  the  reverse  of  the  lialf-titlc  ptige. 


AB-type  sea- water  battery,  257-258 

Acoustic  conplinj;, echo-repeating  e(|uip- 
ment,  83 

Acoustic  marine  speetlometers,  62-77 
acoustic  marine  pinging  speedometer 
(AMI’S).  70-75 

acoustic  marine  s|)eedometer  (AMS), 
62-<)6 

phase  acoustic  marine  speedometer 
(I’AMS),  75-77 

steady-state  acoustic  marine  speedom- 
eter (SAMS)  . 66-70 

Acoustic-mechanical  coupling  in  echo- 
repeating  etjuipment,  83-84 
AI)  III  sonar  gear 
see  Attack  director  Mark  III 
Adapter  unit  for  Mark  II  lead  angle 
computer,  146-147 
AI)-B  sonar  gear 
see  Attack  director  B (AI)-B) 

ADI’  hydrophone  for  overside  noise 
monitor,  47 

Ahead-thrown  attack  directors,  142-143, 
158 

Airlx)rne  detector,  magnetic,  216,  219- 
221 

Amplifiers 

for  depth-charge  direction  indicator, 
54-55 

for  dynamic  sound  gear  monitor,  26, 

. 31-32 

for  echo- repea  ting  e(pii|)ment,  83.  1 13 
for  noise  level  monitors,  49,  50 
for  portable  sound  gear  monitor,  5-6 
for  servomechanisms,  172-181 
for  Whale  echo- repeater,  100 

AMI’S  (acoustic  marine  pinging  speed- 
ometer), 62-63,  70-75 
ecpiipment,  70-71 
experimental  tests,  71-75 
pip  reception,  75 

recommendations  for  future  research, 
75 

theory,  70 

AMS  (acoustic  marine  speedometer),  62- 
66 

requirements,  63 
summary,  62-63 
transducers,  64-66 

Aiuxle  material  for  sea-water  batteries, 
239-241 

cathodes,  silver  screen,  241 
chromate  finish,  240 
magnesium  alloy,  239-240 


scratch-brush  finish,  240 
Antisuhmarine  attack  aids 
see  Sea  markers  for  antisuhmarine 
attacks 

Antisubmarine  attack  directors,  138-171 
attack  director  B,  159-171 
attack  director  Mark  III;  138-159 
attack  director  .\fark  I\';  157-159 
Antisuhmarine  attack  plotter  (ASAP), 
124-131 

attack  director  B,  170 
compass  inverter,  131 
description,  126-127 
echo  reception,  129-130 
own-ship’s  position  indication,  127- 
129 

liitometer  log  follow-up,  131 
power  supplies.  130 
predictor  for  forward  throwers,  130 
sweep  direction  control,  129 
Antisuhmarine  scatter  homh,  189-195 
arming  for  attack,  193 
horn  condenser  fu/e,  193-195 
hydrostatic-fu/ed  cluster,  195 
individual  bombs,  191 
performance,  195 
scatter  mechanism,  191-192 
time  delay  system,  192 
Artificial  sonar  target 
see  Kcho-repeating  eipiiijment 
A-scope  for  target  ranging,  121-122 
ASDevI.ant  sea  trials 
ahead-thrown  attacks,  158 
attack  director  ^^ark  I\';  139 
depth-charge  attacks,  1 56-1 57 
depth-charge  intervalomcter,  214 
Attack  conditions,  mathematical  analysis 
ahead-thrown  attack,  142-143 
attack  course,  140-142 
echo-repeater  calibrator,  109 
stern-dropped  charges,  139-140 
time  to  fire,  142 

Attack  director  B (AD-B),  159-171 
electromechanical  hunting  process, 
165-168 

Model  I;  162-165 
Model  II;  165 
Model  Ilf;  165-168 
o|>eration,  160-161 

recommendations  for  future  research, 
170-171 

time-match  principle,  168-170 
Attack  director  Mark  III;  138-159 
ahead-thrown  attack,  142-143 


ASDevLant  tests,  156-158 
attack  course,  140-142 
computer  circuit,  147-148 
conclusions,  158-159 
description,  148-150,  153-156 
electrical  schematic,  151-153 
lead  angle  computer  Mark  II;  143-148 
mathematical  analysis,  139 
mechanical  computer,  150-151 
stern-dropped  charges,  139-140 
target  speed,  152-153 
time  to  fire,  142,  153,  156 
Attack  director  Mark  IV^;  156-159 
Attack  plotters  for  target  ranging,  121- 
137 

antisubmarine  attack  plotter  (ASAP) , 
124-131,170 

automatic  target  positioner  (ATP), 
121-124 

friction-drive  plotter-type  F,  132-133 
lead  screw  plotter-type  L,  133-137 
link-belt  geograjihic  plotter,  137 
mechanical  geographic  attack  plotter 
(MGAP),  131-137 
relative  idotter-type  R,  132 
Attack  teachers 
Sangamo  QFA-5;  170 
use  in  attack  director  III  trials,  156- 
157 

Automatic  control  system 
see  Servomechanisms 
Automatic  target  positioner  (A’FP),121- 
124 

Autotransformer  for  antisubmarine  at- 
tack plotters,  127-129 
AX-58  hydrophone  for  overside  noise 
monitor,  41-12 

AX- 120  hydrophone  for  overside  noise 
monitor,  47 

AZ61X  alloy  for  sea-water  batteries,  239 

B-19A  magnetostriction  transducer,  82 
B-19B  magnetostriction  transducer,  7, 

82 

B-19F  magnetostriction  transducer,  82 
B-19II  transducer  for  OCP  sound  gear 
monitor,  14 

Balanced-bridge  magnetic  fuzes  for  fast- 
sinking depth  charges,  208-210 
Balancing  network  for  dynamic  sound 
gear  monitor,  30-31 

Baldwin  B-1  flares  in  antisubmarine 
ojjerations,  222-223 
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Ballotini  glass  pellets  for  sea-water  bat- 
teries, 244-245 

Band-elimination  filters  lor  servonietha- 
nisms,  181 
Batteries,  sea-water 
see  Sea-water  batteries 
Bl)-1  piezoelectric  transducers,  81 
Beacon  sea-water  batteries,  245,  255-257 
Bead-setting  maebines  lor  sea-water  bat- 
teries, 244-245 

Bearing  deviation  indicator  (BDI)  lot 
attack  director,  148 
Bearing  recorders 

for  attack  director  Mark  III;  153 
for  lead  angle  computer  Mark  II;  144 
Bendix  Log  installed  sound  gear  moni- 
tor, 20 

Blastphones  for  depth-charge  direction 
indicator,  51-54 

Blimp  flare  gun  for  pneumatic  projec- 
tor, 220 

Bomb  rack  Mark  53;  211-212 
Bombing  devices,  antisubmarine 
see  Antisubmarine  scatter  bomb 
Book-type  torpedo  batteries,  249-250 
BR-1  San  Diego  echo  repeater,  86 
Bridged-T  network  filters  for  servo- 
mechanisms, 176 
British 

A/S  174  bearing  plotter,  148 
Asdic  144  attack  course  plotter,  141, 
143-144 

bearing  recorder,  153 
marine  marker  sidtmarine  buoy,  232- 
233 

Brown  (M62SAY1X1)  motor  for  servo- 
mechanisms, 173 
Brush  Company 
C-13  transducer,  64 
hydrophone  for  OAV  sound  gear,  40- 
41 

hydrophone  for  overside  noise  moni- 
tor, 41-42 

B-type  sea-water  battery,  257-258 
Buoy-supported  echo  repeater,  89-90 
Bursting  charge  firing  system  for  surface 
vessels,  199 

Calibration  of  sonar  equipment 

depth-charge  range  estimator,  60-61 
echo-repeater  calibrators  (ERC)  , 107- 
120 

“equivalent  sphere,”  82 
OAY  sound  gear,  45-46 
overside  noise  monitor,  47 
Whale  echo  repeater,  104 
Captain’s  box  in  sonar  operations 
attack  director  Mark  III;  153,  154 
attack  teacher  tests,  157 
lead  angle  computer  Mark  II;  148 


Cathode  materials  for  sea-water  bat- 
teries, 240-243 
(knhode-ray  attack  plottcis 

see  Attack  plotters  for  target  ranging 
Cavitation  indicator  (Cl)  for  noise  meas- 
urements, 48-51 

CD-I  piezoelectric  transducers,  81 
Cell  potential  for  sea-water  battery,  236- 
237 

CG-1  piezoelectric  transducers,  81 
Chemical  reactions  in  sea-water  bat- 
teries, 236 

Cl  (cavitation  indicator)  for  noise  meas- 
urements, 48-51 

C)-l  piezoelectric  transducers,  81 
Clolumbia  University 

exploder,  hydrostatically-detonated, 

214-215 

submarine  marker  buoy,  232 
Com|)ass  inverter  for  antisubmai ine  «it- 
tack  plotter,  131 
Conq)uter  circuits 

attack  director  M ark  111;  1 50-1 5 1 , 
155-156 

lead  angle  computer  Mark  I;  142 
lead  angle  computer  Mark  II;  147-148 
time-to-fire  mechanism.  156 
Condenser-fuzed  cluster  for  antisub- 
marine scatter  bomb,  193-195 
Conning  problems 

antisubmarine  attack  plotters,  125 
attack  director  AO-B,  QFH  Sangamo, 
165 

attack  operations,  138-139 

Continuous-control  servomechanisms 
see  Servomechanisms 
CotUrol  amplifiers  for  servomechanisms, 
172-181 

evaluation,  176-181 
power  stage,  175-178 
voltage,  175-176 

Corn  planter  for  sea-water  batteries,  245 
Coupling  limitations  of  echo-repeating 
eqiupment,  83-84 

Course  of  ship,  attack  problems,  140- 
142 

Course-to-steer  indicator 

attack  director  Mark  III;  153,  154 
attack  teacher  tests,  157 
lead  angle  computer  Mark  II;  148 
Crvstal  transducers  for  echo  repeaters, 
82,  98 

Dead  reckoning  analyzer  for  link-belt 
geographic  plotter,  137 
Dead  reckoning  tracer  (DRT),  121-124 
Deep-towed  echo  repeaters,  108 
Delay  system  for  timing  bomb  clusters, 
192 

Delayed-action  echo  repeater,  106-107 


Demodulation  circuits  tor  OCB  sound 
gear  monitor,  15 

Department  of  Terrestrial  Magnetism, 
type  L lead  screw-driven  plotter, 

133 

Depth  charge,  fast-sinking 
see  Fast-sinking  depth  charge 

De[)th-charge  attacks 

antisubmarine  attack  plotters,  125 
attack  teacher,  156-157 
Mark  III  director,  156 
sea  tests,  157-158 

Depth-charge  direction  indicator 
(DCDl),  49-56 
ami>lifier,  54-55 
design,  52 

experimental  models,  52-53 
im[)rovements,  56 
performance,  55 
production  models,  53-55 
refraction  effects,  55-56 
tenqjerature  gradient  effects,  55-;)6 
Depth-charge  intervalometer,  213-214 
Depth-charge  range  estimator  (DCRE), 
57-61 

calibration,  60-61 
design,  57-58 

experimental  models,  58-59 
hydrophone,  59-60 
performance,  61 
self  calibration,  61 
shadow  zone  effects,  58 
thermal  gradient,  58 
triangulation,  61 

Detonated  exploder,  hydrostatic,  21  o 
Detonator  sea-water  batteries,  253—254 
Diehl  motor  (C.DA  211052)  for  servo- 
mechanisms, 173,  181 
Doppler  circuits 

echo-repeating  etpiipment,  94-98 
Fecho  echo  repeater,  89 
measurements  of  ship’s  speed,  62 
steady-state  acoustic  marine  speed- 
ometer, 66 

Diq)lex  type  torpedo  batteries,  252-253, 
259 

Dynamic  monitor  for  echo  ranging,  21- 
39 

accuracy,  36-37 
amplifier,  26-28,  31-32 
anode  power  supplies,  32 
cathode-ray  tube,  31-32 
constants  in  figure  of  merit  etpiation 
32-35 

echo  length  and  range,  28-29 
figure  of  merit  derivation,  23— 24,  32—3 
loudspeaker,  31 
operation  principles,  25-26 
oscilloscope,  26 
performance,  34-38 
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receiving  circuit,  2(>-28 
recoinmeiulations  for  future  research, 
38-39 

sweep  circuit.  31-32 
swiuhiug  tuhe.  29-30 
tiausiuitter  circuit.  2f)-31 

Eccentricity  of  a projectile,  201 
Echo- ranging  gear 

see  Attack  plotters  for  target  ranging; 
Sound  gear  monitor  (S(;M) 
Echo-repeater  calibrators  (ERC),  107- 
120 

description,  109-110 
non|)ortahle,  1 10-1 13 
performance,  117-120 
portable,  113-117 

recommendations  for  fntnrc  research, 
120 

switching  circuit,  112-113.  116-117 
theory,  108-109 

Echo-repeating  equipment,  78-107 
am[)lifier,  83,  113 
hnoy-snpported  repealer,  89-90 
coupling  limitations,  83-81 
tlesign,  80-82 
doppler  circuits,  91-98 
e(|iiivalent  sphere  theory,  82.  108-109, 
119-120 

fretpiency  response,  8-1 
gas- pipe  rej)eater,  104-10.5 
Harvard  repeaters,  86-89 
high-frequency  stick  assemblies,  93-91 
location  of  electronic  units,  85 
monitor  service,  81 
passive  targets,  8.5-86 
|>ower  relations.  82-83 
recommendations  for  fnlnre  research, 
106-107 

San  Diego  repealers,  86 
stationary  re|)ealers,  91-92 
towahle  repeaters,  92-93 
Whale  repeater,  98-101 
Electric  coupling  in  echo-repeating 
etpiipment,  83-81 

Electrochemical  design  of  sea-water  bat- 
teries, 236-239 
chemical  reactions,  2.36 
electrtMle  spacing,  237-238 
electrolyte  circulation,  238 
leakage  current  control,  238-239 
Electronic  equipment 
depth-charge  range  estimator,  59-f)0 
dynamic  sound  gear  monitor,  26-32 
echo-repeating  etpiipment,  82-85 
in.stalled  sound  gear  monitor,  6,  19-20 
portable  sound  gear  monitor,  .5-6 
Whale  echo  repeater,  100 
Expendable  radio  sono  buoy  (ERSB), 

216 


Explosion  point  for  attack  director  solu- 
tions, 160 

Extended-range  portable  soinul  gear 
monitor,  13 

East-sinking  depth  charge,  202-211 
arming  methods,  207,  212 
balanced-bridge  magnetic  fuzes,  208- 
210 

hellows-armed  fuze,  207 
conclusions,  205 
fuzes,  207 
HIR  fuze,  207-208 
hydrodynamic  tests,  20.3-201 
inertia-actuated  fuzes,  207 
intervalometer,  213-214 
magnetically-actuated  fuzes,  208 
Mark  53  hoinh  rack,  21 1-212 
surface  craft  dispensers,  205-206 
Eecho  echo  repeater,  79,  86-89 
Eigure  of  merit  of  echo-ranging  gear, 
21, 23-24,  32-39 
accuracy,  36-37 
attenuators,  24 
calculations,  24 
constants  in  etpiation,  32-35 
definition,  21 

derivation  of  equation,  23-24 
dial  plate,  38-39 
measurement  method,  32-33 
performance  data,  37-38 
recommendations  for  future  research, 
38-39 

Eilter  networks  for  servomechanisms, 
176 

Eirc-control  attack  directors,  138 
Eiring  projectiles  for  ahead-thrown  at- 
tacks, 1.58 

Eiring  system  for  .scatter  charge  for  sur- 
face ves.sels,  199 

Elare  gnus  for  j)neumalic  projectors. 
226-221 

Elares  for  antisubmarine  operations, 
221-224 

aircraft  parachute,  222 
capacity-type  ignitors,  222-223 
flare  mixture,  223 
star  shell  B-1 ; 222 

“Flip-flop”  circuits  for  depth-charge 
range  estimator,  59-f)() 

“Elij)-flop”  tuhe  for  dynamic  sound  gear 
monitor,  28-29 

Float  lights  for  submarine  detection, 

2 16-221 

for  MAI),  219-221 
Mark  IV;  216-217 
Mark  V;  216-217 
Mark  VI;  216-218 
modified  Mark  VI;  219 


Idorida  Field  Station,  echo-repeating 
etpiipment,  94-96 

Flux-change  magnetic  fuze  for  fast- 
sinking  dej)th  charge,  207-208 
Forward- throwing  weapons 
antisuhmarine  attack  plotters,  130 
attack  director  Mark  III;  142-143 
Hedgehog  projectiles,  158 
mousetrap  projectiles,  158 
Frctpiency  characteristics  of  sonar  gear 
acoustic  marine  pinging  speedometer, 
73-74 

doppler  ineasureiiieiils  of  ship’s  speetl, 
62 

echo-repealing  etpiipment,  81,  84 
OAV  sound  gear,  47 

Friction-tlrive  attack  plotter  tvpc  F,  132- 
133 

I S smoke  agent  for  submarine  marker 
buoy,  232-233 
Fuzes  for  sonar  gear 
antisubmarine  scatter  bomb,  193-195 
balanced-britlge  magnetic,  208-210 
bellows-armetl,  207 
fast-sinking  depth  charges,  207 
HIR,  207-208 

hydrostatically-tletonated  exploder, 
215 

inertia-actuated,  207 
magnetically-actuated,  208 

Cias-pipe  echo  repeater,  104-105 
General  Electric  Company 
antisubmarine  attack  plotter  (ASAP), 
126, 138 

attack  director  B,  170 
Geographic  attack  plots 
see  Attack  director  B (Al)-B) 
(icographic  attack  plotter,  mechanical, 
131-137 

friction-drive  plotler-tyjie  F,  132-133 
lead  screw  plotter-type  L,  13.3-137 
relative  |)lotler-lypc  R,  132 
(Jeometry  of  attack  conditions 
see  Mathematical  analysis  of  attack 
conditions 

Glass  bead  separators  for  sea-water  bat- 
teries, 244-245 

(baphic  time-matching  aid  for  attack 
cour.se,  1.59,  161 

see  also  Attack  director  B (Al)-B) 
Gyrocompass  repeater  system 
attack  director,  1.50 
attack  j)lotter,  131 

Harvard  Underwater  Sound  Laboratory 
(HUSL) 

echo  re|)eaters,  86-89 
echo-ranging  equipment,  37 
echo-repeating  calibration,  78,  79 


CONFIDENTIAL 


278 


INDEX 


servomechanisms,  172 
Headphones  for  OAY  sound  gear,  17 
Hel)l)phone  11  laminations  in  Whale 
transducer,  98,  102 
Hedgehog  projectiles 

ahead-thrown  attacks,  H2-H3,  158 
antisubmarine  attack  |)lotters,  125 
lead  errors,  158 

Helmsman’s  indicator  lor  attack  direc- 
tor Mark  111;  154 

Heterodyne  do|)j>ler-shilting  circuit  in 
echo-repeating  equipment,  91-90 
High-lidelity  Rochelle  salt  headphones 
in  OAY  sound  gear,  46 
High-frequency  stick  assemblies  for 
echo-repeaters,  93-94 
HIR  fuze  for  fast-sinking  depth  charge, 
207-208 

Horn  condenser  fuze  for  bomb  clusters, 
193-195 

Hydrodynamics  of  fast-sinking  dei)lh 
charge,  203-204 
Hydrophones 

ADI’  for  overside  noise  monitor,  47 
AX-120  for  overside  noise  monitor,  47 
depth-charge  direction  indicator,  51- 
53 

depth-charge  range  estimator,  57-59 
machine  noise  monitors,  49 
noise  level  monitor  system,  49-50 
OAX  sound  gear  monitor,  7 
overside  noise  monitor,  41-42,  46-47 
submarine  noise  reduction,  41 
Hydrostatic  fuzed  cluster  for  antisub- 
marine scatter  bomb,  195 
Hvdrostatically-detonated  exploder 

(Hl)E),  214-215 

Inertia-actuated  fuzes  for  fast-sinking 
depth  charges,  207 
Installed  sound  gear  monitor  (ISCiM) 
description,  17 
tlesign,  6 

hoist  mechanism,  3,  6 
pit-log,  18-20 

recommendations  for  future  research, 

20 

strut  design,  17-18 
summary,  3 
underwater  log,  17-18 
Intermediate  power  and  time  sea-water 
batteries,  254-255 

Intervalometer,  depth-charge,  213-214 

Jiggle  switch  for  fast-sinkijig  depth 
charges,  207 

Jl’  amplifier  for  noise  level  monitoring, 
50 

jr  listening  hydrophone,  49-50 


K gun  with  scatter  charge  for  surface 
vessels,  196-200 

KR-1  San  Diego  echo  repeater,  86 

Laminated-stack  magnetostriction  trans- 
ducers, 66,  81 

Launching  tubes  in  sonar  gear 
Mark  \'I  float  lights,  218-219 
pneumatic  projectors,  219-221 
Lead  angle  computers 

Mark  II  lead  angle  computer 
(LAC) 

Lead  screw  attack  [ilotter-type  L,  133- 
137  . 

compass-controlled  servo  system,  131 
control-transformer  synchro,  134 
instantaneous  target  vector,  134 
Librascope  Corporation,  Mark  IV  anti- 
submarine attack  director,  139 
Link-belt  geographic  plotter,  137 
Log  strut  for  installed  sound  gear  moni- 
tor, 17-18 

Loring  factor  of  a projectile,  204 
Loudspeaker  for  dynamic  sound  gear 
monitor,  31 

Magnesium-silver  chloride  sea-water 
batteries 

see  Sea-water  batteries 
Magnetic  airborne  detector  (MAD),  216, 
219-221 

Magnetic  coupling  in  echo-repeating 
equipment,  83-84 

Magnetically-actuated  fuzes  for  fast- 
sinking depth  charges,  207-210 
M agnetostriction  hydrophones 

depth-charge  direction  indicator,  53 
depth-charge  range  estimator,  57-59 
NL-130;  49-50,  59 
OAX  sound  gear  monitor,  7 
Magnetostriction  transducers  for  sonar 
gear 

echo-repeating  equipment,  81,  82 
sound  gear  monitors,  6 
Maintenance  of  true  bearing  (M  LB), 
lead  screw-driven  attack  plotter, 
134 

Mapping  ship’s  course 

Attack  plotters  for  target  ranging 
Marine  marker,  sidmiarine  marker  buoy, 
232-233 

Marine  speedometers,  acoustic,  62-77 

acoustic  marine  pinging  speedometer 
(AMPS),  70-75 

acoustic  marine  speedometer  (AMS), 
62-66 

phase  acoustic  marine  speedometer 
(PAMS),  75-77 

steady-state  acoustic  marine  speedom- 
eter (SAMS),  66-70 


Mark  I lead  angle  computer,  142 
Mark  II  lead  angle  computer  (LAC), 
142-148 

adapter,  146-147 
computer  circuit,  147-148 
course-to-steer  indicator,  148 
integrator,  145-146 
performance,  148 
recorder  units,  144-145 
Mark  IV  antisubmarine  attack  director, 
139, 156-159 

Mark  IV  float  light  for  submarine  detec- 
tion, 216-217 

Mark  \’  float  light  for  submarine  detec- 
tion, 216-217 

Mark  6 depth  charge,  roller  loader,  200- 

202 

Mark  \'I  float  light  for  submarine  detec- 
tion, 216-219 

Mark  7 depth-charge  arbor,  196-199 
Mark  10  depth  charge,  196 
Mark  12  depth  charge,  203-205 
Mark  18  torpedo  batteries,  246,  248-250 
Mark  20  torpedo  batteries,  248,  250-252 
Mark  26  torpedo  battery,  236,  247-248, 
250-252 

Mark  53  bomb  rack,  211-212 
Mark  140  fuzed  cluster  for  antisubmar- 
ine scatter  bomb,  195 
Masking  noise  of  controlled  intensity,  48 
Mathematical  analysis  of  attack  condi- 
tions 

ahead-thrown  attack,  142-143 
attack  course,  140-142 
echo-repeater  calibrator,  109 
stern-dropped  charges,  1 39-1  10 
time  to  fire,  142 

Mechanical  geographic  attack  plotter 
(MGAP),  131-137 

friction-drive  plotter-type  F,  132-133 
lead  screw  plotter-type  L,  133-137 
relative  plotter-type  R,  132 
Mercury  “jiggle  switch’’  for  fast-sinking 
depth  charge,  207 

Meter  circuit  for  OAY  sound  gear,  42-16 
Miniature  transducers 
cone  transducers,  64-66 
crystal  transducers,  66 
OC  transducers,  66 

Mixing  circuits  for  OCP  sound  gear 
monitor,  15 

Modulator  circuit  for  servomechanisms, 
181-183 

Monitor  circuits  for  echo-repeating 
equipment,  84 

Monitoring  machinery  noise  aboard 
submarines 

see  Noise  measurements,  shipboard 
instruments 

Motion  picture  tests  for  sonar  gear 


CONFIDENTIAL 


INDEX 


fast-sinking  ifcpth  tfiargc,  20  f 
scatter  cliarj^e  lor  surface  vessels.  108 
Motor  properties  of  servoineclianisins, 
172-173 

Mousetrap  projectiles 

aheatl-thrown  attacks.  1 13.  158 
antisnhinarine  attack  plotters.  125 
M I B s\nchro  line  lor  lead  scre\v-dri\en 
attack  plotter,  13  I 

Mnlti)>le  Indrophones  lor  depth-char}»e 
range  estimation,  (il 
M tin  roe  ellect  on  sonar  gear 
antisubmarine  scatter  bomb,  189 
depth-charge  range  estimator,  58 

Naval  Research  Laboratory,  echo- 
repeating etpiipment,  79 
Navigational  marker  buoy  (NMB), 
224-229 

Navigational  plotting 
see  Attack  j)lotters  for  target  ranging 
Navy  aircraft,  submarine  detection 
Mark  I\’  float  light,  2I(L-217 
Mark  \'  float  light,  2I(>-21 7 
Mark  VI  float  light,  216-218 
nuKlified  Mark  \'I  float  light,  219 
Navy  Anna  tlead  reckoning  tracer 
(DRl),  121-124 
Navy  tests  of  attack  directors 
ahead-thrown  attacks,  158 
attack  director  Mark  1\’;  139 
depth-charge  attacks,  15r>-157 
depth-charge  intervalometer,  214 
Ne<)n  lamp  cavitation  indicator  for  noise 
level  monitoring.  51 
New  London  Laboratory 

hydrostatically-detonated  exploder, 
214-215 

pull-match  ignition  for  Mark  \'l  float 
light,  218 

scatter  charge  for  surface  vessels,  197- 
198 

smoke  signal  for  submarine  marker 
buoy,  232 

NL-L3t)  magnetostriction  hydrophone, 
49-50,  59 

No.  47  mixture  for  underwater  flares, 
223-224 

Noise  level  monitor  (NLM),  48-51 
amplifier,  49,  50 
design,  49 
development,  50-51 
hydrophones,  49-50 
prcKluction  model,  50-51 
Noise  measurements,  shipboard  instru- 
ments, 48-61 

cavitation  indicator,  48-51 
depth-charge  direction  indicator,  51- 
56 

depth-charge  range  estimator,  57-61 


noise  level  monitor  (NLM),  48-51 

Noise  retluction  program,  OAV  sound 
measuring  gear 

see  Overside  noise  monitor,()AVsound 
gear 

Nonportable  echo-repeater  calibrators, 
109-110,  113 

N'on-towable  echo  repeaters,  78-79 

Nylon  filament  separators  for  sea-water 
batteries,  214 

OAX  sound  gear  monitor,  6-13 
description,  6-7 
evaluation,  10 
limitations,  13 
Model  51),  8-10 
Model  5E,  10 
transducer,  7-8 

0.\\  sound  measuring  etpiipment 
see  Overside  noise  monitor, OA^' sound 
gear 

Of'.l*  sound  gear  monitor,  13-17 
circuits,  14-17 
extended-range  model,  13 
Model  7 wide-range,  13 
Model  X-OCB,  13 
receiving  amplifier,  14-15 
recommendations  for  future  research, 

1 5 

transducer,  14 

OR  etpiipment  for  sulimarinc  noise  re- 
duction, 40 

Ordnance,  189-215 

antisubmarine  scatter  bomb,  189-195 
fast-sinking  depth  charge,  202-214 
hydrostatically-detonated  exploder, 
214-215 

scatter  charge  for  surface  vessels,  196- 
202 

Oscar  etjuipment  (buoy-sup|)ortcd  echo 
repeater),  89-90 

Oscillators 

OAX  sound  gear  monitor,  6-7 
OC;i*  sound  gear  monitor,  14-15 
phase  acoustic  marine  speedometer, 77 
portalile  echo-repeater  calibrator,  1 16- 
117 

portable  sound  gear  monitor,  5-6 
steady-state  acoustic  marine  speedom- 
eter, 67 

Oscilloscope  course  plotter 
see  Antisubmarine  attack  plotter 
(ASAP) 

Oscilloscope  for  dynamic  sound  gear 
monitor,  26 

Overside  noise  monitor,  OAY  sound  gear, 
40-^17 

accessory  ecpiipmcnt,  46 
battery  operation,  16 
circuits,  42-46 
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construction  of  OAV,  41 
design,  40-4 1 
hydrophone,  41-42 
performance,  46 

recommendations  for  futmc  research, 
, 46-17 

sound  level  meter,  42-46 
table  conductors,  47 
Own-ship’s  course,  sonar  e{|uipment 
attack  director  Mark  111;  152 
lead  screw-driven  attack  plotter,  133- 
135 

link-belt  geographic  plotter,  137 
Own-ship’s  speed,  sonar  ecjuipment 
attack  director  Mark  111;  152 
lead  screw-driven  attack  plotter,  133- 
134 

PAMS  (phase  acoustic  marine  speedom- 
eter) 

see  Phase  acoustic  marine  speedometer 
(PAMS) 

Parachute  flares  for  antisubmarine  oper- 
ations, 222 

Passive  targets  for  echo  ranging.  78,  85- 
86 

Pentagon  (5-3-BP)  sea-water  battery, 
236, -246,  256 

Permanent-magnet  magnetostriction  hy- 
drophone,'49-50,  57,  59 
Permendur  laminations  in  magneto- 
striction transducers,  81 
Permoflux  headphones  in  overside  noise 
monitor,  47 

Personnel  training  for  sonar  ecjuipment, 
78 

Phase  acoustic  marine  speedometei 
(PAMS),  62-63,  75-77 
e(|uipment,  76 
experiments,  76 

recommendations  for  future  research, 
77 

theory,  75-76 

Phenolic  plates  in  sonar  gear 
sea-water  batteries,  245 
torpedo  batteries,  250 
Piezoelectric  transducers  for  echo-repeat- 
ing etpiipment,  81 

Ping  pressure  of  sonar  |)rojeclor,  36 
Pinging  speedometer,  acoustic  marine 
see  AMPS  (acoustic  marine  pinging 
speedometer) 

“Pij)e”  transducers  for  stationary  echo 
repeaters,  91 

Pitometer  log  system  in  sonar  gear 
antisubmarine  attack  plotters,  130, 131 
attack  director  Mark  HI;  150 
installed  sound  gear  monitor,  18-20 
Plan  position  indicator  (PPI) 
antisubmarine  attack  plotter,  125 
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attack  director  B,  159 
relative  bearing,  168-170 
Pneumatic  projectors  for  magnetic  air- 
borne detector,  219-221 
Portable  echo-repeater  calibrators,  109- 
110, 113-117 
description,  113,  117 
horizontal  sweep  system,  115-116 
Models  1 and  11;  109-1 10 
oscillator  switching  system,  116-1 17 
power  amplifier,  113 
j)ulse  control  system,  113-1 16 
voltage  amplifier,  113 
Portable  polar  chart  recorder  (PPCR) 
for  servomechanisms,  181-183 
Portable  sound  gear  monitors,  1-3,  5-6 
see  also  OAX  sound  gear  monitor; 
OCP  sound  gear  monitor 
Portable  target  calibrator  for  echo-rang- 
ing equipment,  108 
Portable  testing  equipment 
see  OCP  sound  gear  monitor 
Potentiometers  in  sonar  gear 

antisubmarine  attack  plotter,  127-129 
attack  director  Mark  111;  151-152 
automatic  target  positioner,  122-124 
Power  amplifier  for  portable  echo-re- 
peater calibrator,  113 
PPI  scopes  for  target  ranging,  121-122 
Pressure  wave  amplitudes  in  underwater 
explosions,  57-58 

Primer  cake  for  underwater  flares,  223 
Projectiles 

ahead-thrown  attacks,  158 
antisubmarine  attack  plotters,  125 
eccentricity,  204 
stability,  203-204 

Projector  (sonar),  installed  sound  gear 
monitor,  6 

Projector  (sonar),  ping  pressure,  36 
Projector  bearing,  B^.,  in  attack  director 
Mark  III;  152 

Proximity  fuze  7-40-M  for  sea-water  bat- 
teries, 247,  258 

()C  sound  gear 

acoustic  marine  pinging  speedometer, 
71-72 

antisubmarine  attack  plotter,  125, 129- 
130 

installed  sound  gear  monitor,  6 
QFH  Sangamo  conning  teacher  for  test- 
ing AD-B  attack  director,  165 
QH  Model  II  echo-ranging  system  for 
dynamic  monitor,  37-38 

Radar  target  ranging,  121-124 

Radio  sono  buoy,  216 

Range-keeper  solution,  fire  control,  138 


Ranging  equipment,  sonar 

see  Attack  plotters  for  target  ranging; 
Depth-charge  range  estimator 
(DCRE) 

Recommendations  for  future  research 
acoustic  marine  speedometers,  70,  75, 

77 

attack  director  B,  170-171 
dynamic  sound  gear  monitor,  38-39 
echo-ranging  c(|ui|nnent,  106-107 
echo-repeater  calibrator,  120 
installed  sound  gear  monitors,  3,  20 
OAX  sound  gear  monitor,  10-13 
OCP  sound  gear  monitor,  15 
overside  noise  monitor,  46-47 
j)ortable  sound  gear  monitors,  3 
sea-water  batteries,  259 
Relative  bearing  plan  position  indica- 
tor, 168-170 
Reverberation 

in  acoustic  marine  pinging  speedom- 
eter, 74-75 

in  echo-ranging  etpiipment  WEA-l; 

37 

Right-left  bearing  indicator  (R144I  or 
BDl)  for  antisubmarine  attack 
plotter,  127 

Ring-stack  tratisducers  for  echo-repeat- 
ing equipment,  81,  82,  91-92 
Rochelle  salt  headphones  for  OAV  sound 
gear,  46-47 

RQ-51055  (AX-58)  hydrophone  for  over- 
side noise  monitor,  41-42 
RR-1  San  Diego  echo  repeaters,  86 

San  Diego  laboratory 

antisubmarine  attack  plotter,  126 
echo  repeaters,  86 

Sangamo  QFA-5  attack  teacher,  170 
Scanning  sonar  systems 

see  Attack  director  B (AD-B) 

Scatter  bomb,  antisubmarine 

see  Antisubmarine  scatter  bomb 
Scatter  charge  for  surface  vessels,  196-202 
firing  system,  199 
mechanical  design,  196-197 
pattern  characteristics,  197-199 
performance,  199 
roller  loader,  200-202 
Scott  transformers  for  antisubmarine  at- 
tack plotters,  127-129 
Scratch  brush  finish  for  anodes  of  sea- 
water batteries,  240 

Sea  markers  for  antisubmarine  attacks, 
216-233 

aircraft  parachute  flares,  222 
capacity-type  ignitors,  222-223 
flare  mixtures,  223 
Mark  float  light,  216-217 


Mark  VI  float  light,  217-219 
navigational  buoy,  224-229 
pneumatic  projectors,  219-221 
smoke  signal,  172-174 
star  shell  Hares,  B-1 ; 222 
submarine  buoy,  229-232 
underwater  flares,  221, 224 
Sea-water  activated  battery  for  hydro- 
statically-detonated exploder,  215 
Sea- water  batteries,  234-259 
AB  type,  257-258 
advantages,  235 
anode  material,  239-240 
book-type  batteries,  249-250 
cathode  material,  240-243 
conclusions,  258-259 
description,  234-235 
detonator  type,  253-254 
development,  235-236 
duplex-type  batteries,  252-253 
electrochemical  design,  236-239 
insulating  washers,  245 
intermediate-jjower  and  time  type, 
253-255 

irrigating  system,  246 
leakage  current  control,  238-239,  246 
long-power,  long-time  type,  255-257 
mechanical  design,  245-247 
multiplate-type  batteries,  250-252 
proximity  fuze,  7-40-M,  258 
recommendations  for  future  research, 
259 

separator  research,  243-245 
torpedo  type,  247-249,  253 
Self-noise  measurements  aboard  sub- 
marines 

see  Noise  level  monitor  (NLM) 
Separators  for  sea-water  batteries,  243- 
245 

Servo  motors  for  sonar  gear 

lead  screw-driven  attack  plotter,  134 
mechanical  computer,  150-151 
Servomechanisms,  172-184 
amplifier  ratings,  176-181 
derivative  control  circuit,  181-183 
modulation,  181-183 
|)arallel-T  notching  filters,  176 
phase  acoustic  marine  speedometer, 
77 

phase  lead  controller,  176  , 

power  stage,  175 
properties,  172-173 

recommendations  for  future  research, 
183-184 

sense-detecting  rectifier,  181-183 
transfer  function,  172,  184 
voltage  amplifier,  175-176 
Seth  Thomas  double  spring  engine  lever 
clock  for  navigational  marker 
buoy,  228 
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Shaped-charge  principle  for  antisul)- 
inarine  scatter  honih,  189 
Shelf  life  of  sea -water  hatter) , 217 
ShiplK)ard  instriiinents  for  sonar  ineas- 
iireinents 

sft‘  Noise  ineasiirenients,  shipboard 
instriiinents;  Speed  ineasnreinents. 
shipboard  instriiinents 
Shock  waves  from  imderwater  explo- 
sions. 51,  58 

Silver  chloride  for  aiuHlized  cathodes  of 
sea- water  batteries,  241-213 
Simple  Wire  and  Cable  Company.  ()A^ 
sound  gear,  47 
6()-kc  echo  repeaters,  93-94 
Smecho  echo  rej)eatcr,  79,  89 
Sonar  echo-ranging  ecpiipment 
see  Dynamic  monitor  for  echo  rang- 
ing; Echo-repeating  ecjiiipment 
Sonar  servomechanism 
see  Servomechanisms 
Sound  gear  monitor  (SGM),  1-20 
installed  system,  (>,  15-20 
mcKlifications,  2-3,  20 
O AX,  6-13 
OC;i»,  13-17 
portable  monitor,  5-6 
recjui remen ts.  3-5 
summary  of  development.  1-3 
tuning  methods  for  OC  drivers,  2 
wide  range,  13 
Sound  level  meters 

OAY  sound  gear,  42—16 
overside  noise  monitor,  46 
Sound  measuring  ecpiipment 
see  Overside  noise  monitor, OAV sound 
gear 

S|)eed  measurements,  shipboard  instru- 
ments, 62-77 

acoustic  marine  pinging  speedometer 
(AMPS),  70-75 

acoustic  marine  s|)eedometer  (AMS), 
62-66 

phase  acoustic  marine  speedometer 
(PAMS),  75-77 

steady-state  acoustic  marine  s|)eedom- 
eter  (SAMS),  66-70 

Speed  of  ship,  ellect  on  echo-ranging 
gear,  38 

Scpiirrel  cage  motors  for  servomecha- 
nisms, 172-173 

SR-2  San  Diego  echc^  repeater,  86 
SR-5  San  Diego  echo  repeater,  86 
Stability  of  a projectile,  203-204 
Star-shell  formula  flares  in  antisubmar- 
ine operations,  222 
Stationary  echo  repeaters,  80 
crystal  transducers,  98 
ring-stack  transducers,  91-92 


Stationary  targets,  echo-ranging  ecpiip- 
ment,  85-86 

Steady-state  acoustic  marine  speedom- 
eter (SAMS).  62-63,  (>6-70 
circuit  design,  67 
experiments,  68-70 
operation,  67-4)8 

recommendations  for  future  research, 
70  ^ 

summary.  62-()3 
theory,  66 

Stern-dropped  charges,  attack  condi- 
tions, 139-143 
attack  director  li,  165 
mathematical  symbols,  140 
ship’s  course,  140-142 
time  to  fire,  142 

“Stick”  assembly  transducers  for  station- 
ary echo  repeaters,  91, 93-94 
Submarine  marker  buoy,  229-233 
description,  230-232 
smoke  signal,  232-233 
Submarine  markers,  target  positions 
see  Sea  markers  for  antisubmarine 
attacks 

Submarine  noise  reduction  program, 
OAV  sound  gear 

see  Overside  noise  monitor, OAV  sound 
gear 

Submarine  Signal  Company,  bearing  re- 
peater for  attack  director  Mark 
HI;  154  . 

Submarine  target  position 
see  Attack  director  B (AD-B) 
Supersonic  oscillator  for  echo-repealer 
calibrator,  116 
Surface  craft,  float  lights 
see  Float  lights  for  submarine  detec- 
tion 

Surface  vessels,  scatter  charge 
see  Scatter  charge  for  surface  vessels 
Synchro  generator  for  antisubmarine  at- 
tack plotter,  131 

Synchro  system  test  unit  (SS'FU)  for 
sonar  gear,  186-188 

l arget  bearing  of  sonar  gear 
lead  screw-driven  attack  j)loiter,  133- 
134, 136 

link-belt  gcograi)hic  j)loiier,  137 
'Parget  position  of  submarines 
see  Attack  director  B (AD-B) 

Parget  positioner,  automatic,  121-124 
Parget  ranging,  attack  plotters 
see  Attack  plotters  for  target  ranging 
Parget  strength  unit  ('PSIJ)  in  echo- 
repeater  calibrator,  119-120 
'Parget  strength  unit  (TSIJ)  in  echo- 
repealing  ec|ui|)ment,  82 


Pargets  (artificial),  echo-ranging 
see  Echo-repeating  e(|uipment 
Pemperature  effects  on  sonar  gear 
depth-charge  direction  indicator, 
55-56 

sea-xvater  battery,  236-237 
Phuras-type  hydrophone,  61 
Piming  systems  for  sonar  gear 
bomb  clusters,  192 
Hedgehog  projectile,  158 
navigational  marker  buoy,  226,  228 
Porpedo  sea-water  batteries,  247-253 
book -type,  249-250 
duplex-type,  252-253 
hydraulic  tests,  250-251 
multiplate-type,  250-252 
Powable  echo-repeaters 
description,  80 
design,  80-81 
electronic  system,  80 
rack  amplifiers,  92-93 
60-kc,  93-94 
Pracking  ship’s  course 
see  Attack  plotters  for  target  ranging 
Plaining  etjuipment,  sonar 
see  Sound  gear  monitor  (SGM) 
Pransducers  for  sonar  gear 
acoustic  marine  speedometer,  64-66 
echo-rei)eaters,  81-82,  98-100 
installed  sound  gear  monitor,  6,  18-20 
OAX  sound  gear  monitor,  13 
OCl*  sound  gear  monitor,  14 
portable  sound  gear  monitor,  5 
testing  etpiipment,  3-5 
“ I ransfer  function”  of  servomecha- 
nisms, 172,  183-184 
Priplane  model  of  passive  target,  echo- 
ranging etiuipmeiu,  85-86 
I rue  bearing  of  shij),  sonar  gear,  140- 
142 

attack  director  Mark  HI;  153 
stern-dropped  charges,  140-142 
Prue  bearing  of  target,  lead  screw-driven 
attack  plotter,  134 

Gnderwater  explosion,  am|)litude  of 
pressure  wave,  57-58 
rnderwaler  flares  for  antisubmarine 
oi)eraiions,  221-224 
aircraft  parachute,  222 
caj)acily-type  ignitors,  222-223 
flare  mixtures,  223 
star  shell  B-1;  222 

Underwater  proximity  fuze  7-  10-M,  247 
Underwater  sound,  portable  testing 
eijuipment 

see  OAX  sound  gear  monitor 
Unit  cell  for  sea-water  battery,  236-237 
U.  S.  Navy  Underwater  Sound  Pabora- 
lory.  New  Pondon,  Conn. 
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hydrostatically-detonated  exploder, 

214-215 

pidl-niatch  ignition  lor  Mark  VI  (loat 
light,  218 

scatter  charge  lor  sin  lace  vessels,  197- 
198 

smoke  signal  lor  submarine  marker 
buoy,  232 

University  ol  Calilornia,  echo-repealing 
ecjuipment,  78,  79 

\'alving  of  sea-water  batteries,  2 10 
\'oltages  for  sonar  ecjuipment 

antisubmarine  attack  jdottcr,  127-129 
automatic  target  jmsilioner,  122-121 


nonj:)ortable  echo-rej^eater  calibrator, 
112-113 

|)hase  acoustic  marine  si)eedometer, 

77 

|)ortable  echo-rej^eater  calibrator,  1 13 
sea -water  battery,  2 17 
servomechanisms,  1 75-1 70 

Wave  ami)litudes  in  underwater  ex|)lo- 
sions,  57-58 

WKA-l  echo-ranging  ecjuipment,  37 
Wesleyan  University,  underwater  Hares, 
223-224 

West  Coast  Sound  School,  delay-action 
echo  rej^eater,  100-107 


Whale  echo  rejjeater,  80,  98-104 
amjdifier,  100 
calibration,  104 
clescrij)tion,  80,  98 
electronic  ecjuijmient,  100 
mechanical  assembly,  98 
j)erformanc:e  tests,  100-104 
target  service  tests,  104 
transducers,  98-100 

Woods  Hole  Oceanographic  Institution 
c\j)losive  charge  size,  57-58 
hydrostatically-detonated  exploder, 

214-215 

XDCA  detonator  sea- water  battery,  253- 
254 
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